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1. Objectives of This Report. ‘fhe UMR&IWW System Navigation Study included
tasking the three-district Engineering Work Group to determine the expected investment
costs to operate the overrdl navigation system at an acceptable performance level for the
2000-2050 planning study period. Thk tasking was categorized as determining the
“Future Without-Project Condition”. The expected investment costs for the without-
project condition are derived from three contributing sources. The first investment cost
source is derived from a projection of the hktorical Baseline Operation and Maintenance
costs. The second investment cost source is derived from the expected costs associated
with the engineenng/economic reliability assessment analyses of the Future Without-
Project Condition of the system significant components. The final investment cost source
is derived from the expected costs associated with components not captured via the
reliability assessments.

This Component Engineering Reliability Models Report is a compilation of the
Engineering Work Group’s reliability models for th’esystem significant components.
Summaries of these models and their results are contained in the UMR&IWW Navigation
Study Feasibility Study - Engineering Appendix. This report serves as a backup
information report and is not intended to be a part of the published Feasibility Study. The
various Engineering Work Group disciplines rdong with the location witbh thk report of
the respective summary reports of their reliability modeling efforts and results are:

Discipline Location in Reuort

Structural Steel Green Tabs

Geotechnical Structures and Materials Orange Tabs

Mechanical / Electrical Equipment Yellow Tabs

Hydraulic Navigation Channel Blue Tabs

A general description of the component engineering reliability assessment process
follows.
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FUTURE WITHOUT-PROJECTCONDITION UMR&IWWSYSTEMNA VIGATIONSTUDY
SYSTEMSIGNIFIC4VT COMPONENTS ENGINEERINGRJ3LIABILITI’MODEI.Sk7WORT

2. Engineering ReliabiliW Model Methodology. The UMR&IWW system component
reliability studies were performed in accordance with the guidance provided in
Engineering Technical Letter (ETL) 1110-2-532 “Reliability Assessment of Navigation
Structures”. This portion of the engineering appendix presents the basic methods and
assumptions used to compute the probabilities of unsatisfactory performance of
components and the results of the reliability analyses. The methodologies employed by
the EWG for the UMR&I WW system reliability analyses are based on the guidance and
practices in-place during the 1993-1994 timeframe. More specific information on the
reliability analysis for each significant component is contained in the individual model
reports.

In Corps of Engineer civil works applications, reliability, R, is defined as the probability
that a structure, or some significant component of i~ will perform satisfactorily at a
certain time. The inverse of reliability is the probability that the structure will perform
unsatisfactorily. Unsatisfactory performance happens when the limit state for a structure
or component is exceeded and the structure or component is then unable to fimction as
designed. In the case of steel structures for locks and dams, the steel structures are
designed as movable damming surfaces so that a certain water elevation maybe
maintained for navigation. If a structure is unable to retain water or is unable to move, it
is performing unsatisfactorily aod consequences such as a lockage slow down or
navigation stoppage could occur.

Severrd reliability methodologies were used by the EWG with the method applied
dependent upon the component classification structured steel, geotechrtical
structures/materials, mecharticaVelectricrd equipm,at or hydraulic navigation channel.

a. Structural Steel. The method used to compute the reliability of structural steel
components was developed in the report titled “Reliability Analysis of Hydraulic Steel
Structures with Fatigue and Corrosion Degradation”, March 1994, written by U.S. Army
Corps of Engineers Waterways Experiment Station (wES) and the JAYCOR Company.
This method uses the Taylor Series expansion method to compute reliability.

b Geotechnical Structures and Materials. The methods used to compute the reliability of
geotechnical structures and materirds were developed in the reports titled:

● “Probability Models for Geotechnical Aspects of Navigation Structures”,
Shannon & Wilso~ Inc.

● “Reliability Assessments of Pile Founded Navigation Structures:, St. Paul
District, U.S. Army Corps of Engineers

● “Geotechnical Time Reliability Model Report”, UMR&IWW Engineering
Geotechnical/Materials Work Group

● “Reliability Model of Concrete Deterioration of Lock Walls Due to Freeze-
Thaw and Abrasion”, Waterways Experiment Station, U.S. Army Corps of
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Engineers

● Geotechnicallivfaterials Reliability ModeI, Objective 2A; UMR&IWW
Navigation Study; U.S. Army Corps of Engineers, St. Louis/Rock Island/St.
Paul Geotechnical Engineering Work Group, May 1997

These reports produced time-dependent reliability models. Past unsatisfactory
performance events were tabulated into a data base for tie geotectilcal components. A
three parameter Weibrdl distribution was used to represent unsatisfactory performance
events. The data base is representative of the composite navigation system, not any
single component.

c. Mechanical/Electrical EauiDment. Mechanical and electrical components are typically

complex and made up of many dlffercnt parts, each with several modes of failure. These
failure modes are associated with many variables such as operating environment,
lubrication, corrosion, and wear. Hktoric performance data for lock anddarn equipment
is not usually available nor collected by controlled and tested means. Thus, the reliability
analyses of mechanicallelectricsd equipment were completed through the use of data from
larger systematic samples of sirdar equipment. The component’s mean life and failure
dktribution were synthesized from generalized published ftihre rate data. The failure
rate plotted as a function of time produces a bathrub curve’ of unsatisfactory
performance. Thk reliability curve is described by a two-parameter Weibull distribution.

d. Hvdraulic navigation channel. The method attempted to compute the reliability of the
hydraulic navigation channel was a dredge-capacijy model developed and implemented
in the July 1995 rqo~ “Channel Reliability of the Navigation System in the Upper
Mississippi River” developed by the University of Virginia for the Corps of Engineers.
The model is a capacity-demand model, where the capacity and the demand are
represented by probability distributions. The capacity distribution is a fimction of
availability of the dredge(s) in the system. The demand distribution is a dredging
demand for a navigation pool and is a function of flow. As discussed in the Engineering
Appendix, the navigation channel reliability model was determined to only duplicate
costs captured in the baseline operation rmd maintenance costs for the UMR&IWW
system. Thus, t~e results of the hydrzmhc navigation channel model were not included in
the Feasibility Study’s Future Whhout-Project Condition investment costs sununaries.
The hydraulic model summary and results are included in tlrk report for historical
informational reference purposes.

]Thebathtubcurvecank distinguishedbythreeconditionsearlyfailures,randomfahes,andwear-out
fakes.Whiledifliculttoconstructanactualbathtubcurveforagivenpieceofmechanica~electrical
equipment,thecuwehasbeenwidelyusedtogiveanoverallpictureofthelifecycleofmarrysystems,
particularlycomplexequipmentsystems.
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3. Reliability Assessment Imrrlementation Plan. The EWG future without-project
condition system reliability implementation followed the general plan:

. Develop Component Reliability Model
● Identify UMR&IWW Sites for Model Application
. Determine Component Hazard Function
. Produce Component Consequences to Navigation System
. Construct Event Tree/Tables
. Establish Related Costs

a. Develop ComLxmentReliability Model. The development of the individual
component reliability models involved determining the critical members or sub-
components for each component to be analyzed and the associated performance mode.
Next, the primary failure modes, or limit states, for each critical member were
determined. The developed reliability models calculate the probability of unsatisfactory
performance for a component as a function of time. The individual reliability models are
summarized later.

b. Identiti UMR&IWW Sites for Model Application. The significant components
selected for system reliability analysis are common to a majority of the 37 lock and dam
sites in the UMR&IWW system. To determine the future without-project condition
major rehabilitation system needs, a reliability analysis of each significant component at
each site is required. The component hazard function and consequences at each site are
needed to determine the optimal economic timing of rehabilitation. However, it was
noted that the design, function, and nsage of many~f these components are very similar
from site to site on the Uh4R&IWW system. _fhus, to avoid duplication of effo% the
EWG identified those sites where each of the significant components are similar. These
sites were subsequently grouped under a common reliability analysis for that particular
component. The site groupings are summarized later for each component.

c. Determine Comuonent Hazard Function. The future without-project condition of the
UMR&IWW system will vary over the next 50 years. Development of a component
(structure or piece of equipment) hazmd function is a key step in reliability assessment
which may lead to potential justification of major rehabilitation capital investment.
Component hazard functions, which provide time dependent probability of satisfactory
and unsatisfactory performance, were developed for each component under study. This
timction, h(t), represents the instantaneous hazard rate at which unsatisfactory
performance occurs, given that unsatisfactory performance has not been demonstrated
previously up to that point in time. Time dependency is addressed by defining the
functions on a per annum basis. The hazard rates provide a present value and time
functions for three cases; a normal O&M (unrehabilitated) hazard function, a hazard
function after rehabilitation, and an enhanced maintertatrce2 hazard function. Under the

2Anenhancedmaintenancestadyobjectiveassessesthebenefitsandcoststothefutureconditionofthe
navigationsystemgivenanincreasedlevelofmaintenance.Thisenhancedlevelofmaintenanceassumes
unconstrainedfundingtherebyallowiagformeetingtheneedsoftheO&M programtorestorecondition
standardsandperformancelevels.
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enhanced maintenance condition, components are maintained on an augmented regular
schedule in order to prolong their useful life. For example, miter gates or roller gates
may be painted every 15 years instead of every 25 years to minimize the effects of
corrosion. Only structural, mechanical and electrical components were considered for
enhanced maintenance; geotechnical components were determined to receive no
appreciable benefit fkom enhanced maintenance or maintenance thereof wasnot
applicable.

d. Produce Comuonent Consequences to Navigation Svstem. A parameter included in
the component ranking was the “system consequence”. A primary factor in mahng a
component significant in the overall UMR&IWW system is that a physical consequence
results which has a significant adverse economic impact on navigation. Consequences
include the cost of down time to navigation, the repair costs to remedy a component’s
unsatisfactory perforrnrmce, along with other factors such as enviromnentaf impact costs.
For navigation study purposes, consequences were considered to be constant with respect
to time. Down time to navigation involves the number of hours or days that mvigation
will be delayed or be slowed down due to failure of a component. Navigation will be
interrupted when lock components perform unsatisfactorily or when the navigation pool
has been lost or significantly lowered due to a failure of a dam component. The EWG
determined the time impact and repair/rehabilitation costs; the monetary costs to the
navigation industry was determined as part of the economic model. The repair costs
include labor cost of the repair crew, mobilization costs, materird costs., and other
miscellaneous costs.

Simple equations or methods to quantify the phys~d consequences do not exist.
Therefore, UMR&IWW consequences were typically based on experience and
engineering judgment. However, the EWG formulated several factors such that a
consistent measure of consequences could be made. These factors are different for lock
components and darn components. The lock components afkct navigation directly and
have an immediate impact. These impacts may have a long or short duratio~ but the
component needs to be repaired or replaced before navigation can return to normaf.
Several of the consequence factors considered for locks include:

. Is the component redundant (internal and external)? If a component’s structure has
redundant elements, the chance of overall component failure due to failure of one of
the elements is small. For instance, if a verticaf beam on a miter gate reaches yield,
the other beams may be able to carry some of the load. Another example is lock
tinter valves. Generafly, there are two culverts and two sets of titer vafves in a
lock. If one tinter valve fails, the lock can operate with only the other set of valves,
but at a slower rate.

. WIII a full maintenance crew be needed to repair the component or can lock persomel
repair the component? Typicafly, for major structural failures, a maintenance crew
and floating plant with heavy equipment will be necessary.
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. Are spare components available? Spare miter gates exist for most vertically framed
miter gates on the UMR. Hence, downtime would likely be limited to the amount of
time it takes for a maintenance crew to mobilize, pull the damaged gate, and install a
spare gate.

. Is it likely lock personnel will notice the problem prior to an actual failure? Timely
advance action may lessen the navigation downtime.

Dam components typically only affect navigation when the pool can not be maintained.
Most often, navigation is not affected, but if pool is lost, navigation will be interrupted
for an extended period of time. Several consequence factors considered for dams
include:

●

●

●

●

●

Can lock personnel install bulkheads before loss of pool?

Can pool be maintained temporarily by adjusting other gates? For large rivers such as
the Mississippi River, gate settings of non-affected gates can typically be changed to
regulate the flow. For smaller rivers such as the Illinois River, the loss of a single
gate during low flow may lead to a loss of pool.

Is there a high probability of multiple gate failure? Under these conditions, loss of
pool is more likely since there may not be enough bulkheads to block all failed gate
bays.

Is the component redundant? Similar to lock components, redundant structures can
often survive when a single element fails.

Could gate failure cause scour and eventual failure of the dam? Severe scour
represents a worst case scenario. The navigation pool would be lost for an extended
period.

e. Construct Event Trees. In performing reliability analyses, it is desirable to consider
different levels of consequences since the actual consequence of failure is unknown. By
considering different levels, one can account for different outmmes if probabilities can
be associated with each of the outcomes. Such probabilities are defined as conditional
probabilities. In current lock and dam applications, these conditional probabilities are
based solely on experience and engineering judgment. Conditional probabilities are the
probabilities that a particular consequence occurs given that unsatisfactory performance
has occurred. Typically, lower levels of consequences have a higher probability of
occurring. Figure ENG- 1 shows an event tree3 with d]fferent levels of consequences.
Development of a component event tree is a key step in the reliability assessment

3Eventtreeswerefmtdevelopedforidentifyingsignificantsequencesassociatedwithnuclearpowerplant
accidents(circa1975). Sincetheinitialdevelopment,eventtreeshavebeenusedonotherriskand
uncertaintyapplications.Inrecentyears,CorpsofEngineers’majorreh.sbllitationrepoflingguidancehas
requiredtheuseofeventtreestodescribeeventsofunsatisfacto~performanceandresultantconsequences.
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process. An event tree provides a framework for economic analysis and defines the
required input parameters. & event tree is a graphical device used to analyze risk, that
is, the expected consequences based on one of several uncertain events. It allows one to
follow the logic in the determination of a component’s condition and the impact
experienced if it performs unsatisfactorily or satisfactorily. The event trees in thk study
were compiled with input from many of the participating District’s resources. .

Figore ENG-1

Event Tree

~

where:
SP = Satisfactory Performance
UP= Unsatisfactory Performance
P(X) = Probability of X Event
LC = Low Consequence
MC= Medium Consequence
HC = High Consequence

Ideal]y, event trees show all possible combinations of events. Such comprehensiveness
may reveal failure sequences that might otherwise have been overlooked. However,
showing all combinations of events on the UMR&IWW system would result in an
umnanageabl y large tree. Additionally, numerous unlikely or remote consequences
divert attention from reasonable sequences of events. Thus, an important decision in an
event tree development involves the level-ofdetail, how many events should be included
and what range of condkional probab~lities. For the Navigation Study, the EWG
typically established three levels of consequences and associated conditional probabilities
for developing event trees. Event tree inputs include the probability of unsatisfactory
performance at a given time and the likelihood and magnitude of potential consequences
associated with satisfactory and unsatisfactory performance. The generic event tree is
developed by assigning a branch for each potential event related to satisfactory and
unsatisfactory performance. Generally, no consequences are associated with the
satisfactory performance event branch. However, likely consequences must be
considered for unsatisfactory performance. Potential consequences are typically placed
into three categories low, medium, and h]gh, which result in three addhional branches of
the event tree. The likelihood of each consequence is then addressed and assigned a
probability of occurrence.
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These event trees are summarized in tabular format in this report. If event data could not
be compiled to establish the conditional probabilities, the recommended consequence
conditional probabilities are listed below.

P(LC) = Probability of a Low Consequence = 0.90
P(MC) = Probability of a Medium Consequence = 0.09
P(HC) = Probability of a High Consequence = 0.01

The assessment of consequences is undertaken for each branch of the event tree to
address the likelihood and risk of satisfactory or unsatisfactory perfommrrce, physical
consequences, and impacts to navigation. For example, if an engineering performance
criterion based on the yield strength of a major structural steel member is exceeded,
unsatisfactory performance occurs. Significant physical and navigation consequences
may result, but depend on the likelihood (conditional probability) of subsequent events.
If, however, the probability of unsatisfactory performance is zero, there is no chance of
physical consequences and subsequent impacts to navigation. This indicates a reliable
structure for that particular year.

f. Establish Related Costs. Finally, associated costs of each consequence were quantified
by the Engineering and Economic Work Groups. These costs capture all pertinent repair
costs and navigation delays incurred in order to return the component back to satisfactory
performance, as well as the lost benefits to the navigation industry, if any. Thus, each
branch was assigned a dollar value, which represents the total cost associated with that
particrdar event. Historical costs were used to calibrate cost estimates for repairs. The
cost values presented in the tables are in year 2000 dollars.

4. Overview of Economic Models Related To Engineering Reliability Assessments.
The component hazard rates and event trees served as the input for the economic models.
A Monte Carlo simulation was developed for each component to identify potential
consequences to quantifi rehabilitation and identifi repair costs. Each economic model
attempts to determine the level of repair that is warranted and when over the 50-year
study period. ‘he specifics of the economic models are detailed in the Economic
Appendix, Analysis of Future Investment Neet& on the Upper Mississippi River and

Illinois Waterway (Objective 2A).

The economic models were based on simrdation runs through the 50-year study period for
each component studied. They essentially analyze a “built-up” component event tree
developed by placing the start of the next year’s event tree at each ending branch of the
current year’s event tree. The generic, four-branch event tree was stacked onto each
terminal point of the cumulative event tree generated to date in order to address the potential
events and consequences year after year. This represents 450possible end states that could
be attained via a unique path through the component’s event tree covering the 50-year study
period. Only a sample of complete runs through the event me was required to sufllciently
converge on the expected hazard rate values for the entire study period.
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As the model proceeded down a path for a simulation run, it generated unsatisfactory
performance (failures) and consequences in any given year. Some measure of repair will
be required if unsatisfactory performance occurs, and some cost will be incurred. Once a
repair is made the hazard rates for the following years were adjusted, and the process

““”’”continued. Hazard rate adjustment significant] y lowers the likelihood or unsatisfactory
performance. Finally, the end state at year 50 was reached and rdl costs related to
consequences were discounted to present vahre. This process was repeated a sufficient
number of times until convergence with respect to consequences occurred. Thk
constitutes the Base Condition –Without Rehabilitation case. The same procedure was
followed for the Project Condhion – with Rehabilitation case. The only difference was
that rehabilitation repairs were undertaken at selected times in the project life, which
could be undertaken to prevent some or all of the consequences. The cost of the planned
rehabilitation repairs was then added to consequences that could potentially occur before
and atler planned rehabilitation. The Base Condition’s present value cost was then
compared to the Project Condition’s present value cost, which will have different values
depending on when the planned rehabllhation was assumed to occur. When the Base
Condition’s present value cost is lower than Project Condition’s present vahre costs
throughout the study period, the project (@armed rehabilitation) is not justified. If the
opposite OccUrs,the project is justified, and benefits are maximized in the year where the
Project Condhion’s present value cost minus the Base Condition’s present value cost is
the greatest. Hence, the simulation involves a whole continuum of time, mrd investment
may justify early or late in the 50-year study period or not at all.

It is important to recognize the interpretations of the economic model output since it was
capable of addressing expected consequences on a year by year basis. If the benefiticosts
ratio does not exceed 1.0 at any point in the study, from an economic standpoint at least, it
would be optimal to allow the component to reach the state of unsatisfactory performance
and incur the physical problems, repair cost, and mvigation consequences. Since one can
predict through the model when these consequences are likely to occur, it implies,
technically, that repair funds over and above Baseline O&M levels would be necessary at
some point in the future, even though major rehabilitation capital investment would not have
been justified (due to the B/C ratio beiig less than one). This implies a “frx as you go” type
strategy that incorporates no preventative major capital improvement measures. Thus,
firtore costs to ensure a given level of performance arc still necessary. These costs, referred
to as reliability repaim, were captured in the model and presented as present value life cycle
costs in the Economic Append~ section titled Analysis ofFuture Investment Needr on the

Upper Mississippi River and fllinois Waterway (Objective 2A).
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strategy that incorporates no preventative large scale capital improvement measures. Thus,
future costs to ensure a given level of performance are still necessary. These costs, referred
to as reliability repairs, were captured in the model and presented as present value life cycle
costs in the Economic Appendix section titled Analysis of Future Investment Needr on the

Upper A4ississ@piRiver and Illinois Waterway (Objective 2A).
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Executive Summary

Purpose

1. As part of the Upper Mississippi River Navigation Study, Objective 2A, rcliabiity
of the steel stm@res on the Mississippi River and Illinois Waterway locks and dams
were computed. This report will present the basic methods and assumptions used to
mmpute these reliabilities and the results of the reliability analyses. This portion of
the report contains a general description of the structure types that were investigated
and the methods used to compute reliability. Mom specific irsformation on the
diabiity analysis for each structure type is contained in the sections which follow.

Strlsc!tlm Types

2. There are five different types of steel structures that are present at locks and dams
in the Upper Mississippi River. Structure types aswciated with the lock portion of
the lock and dams are miter gates, taintervalves (culvert valves), and lift gates.
Steel structures associated with the moveable dam portion of the locks and darns are
tainter gates and roller gates. Although sII locks have miter gates and all Mississippi
River locks have tinter valves, at any given site, the other structure types may or
may not be present and their numbers vary as well.

Reliabiiy and Urssatisfactosy Performance
...

3. For the purposea of this study, reliability, R, will be defined as the probabtity that
a structure will perform satisfactorily at a certain time given that it has perfonrsed
satisfactorily up to that time. The inverse of rcliabiity is tireprobability that the
structure will perform unsatisfactorily over a given time interval and in this report this
will be called the hazard function. Unsatisfactory p-formance happens when the
limit state for the structure, or some major component of it, is exceeded and the
structure is then unable to function as deaigsred. In the case of the steel structures for
the locks and dams, the steel shucttn-esall are designed as movable damming surfaces
so that a - water elevation may be maintainedfor navigation. If the structuma
are unable to retain water or are unable to move, they have performed unsatisfactorily
and consequences such as slow down or stoppage is-Inavigation could occur.

Computation of Reliabii

4. The bask of the method used to compute reiiabiJityfor this study was developed
in the report titled “Reliatsiity Analysis of Hydmulic Steel StructureSwith Fatigue
~d Corrosion Degradation”, March 1, 1994, written by U.S. Army Engineers
Watcsways Experiment Station (WES) and the JAYCOR Co. ‘Ilk method uses the
Taylor Series - finite difference estimation method to compute reliabfity. The
geneml procedure used will be explained in the paragraphswhich follow. The exact
procedures used can be found in thk reference and it is beyond the scope of this



report to dcseribc them in detail.

5. To compute reliability, first the eriticat membcm and limit statea were identified
for each stxucture. The parameters necdd to compute the factorof safety of the
members were then identified. Parameters for which values arc uncertain, ealicd
mndom variables, were identified and a statisticald~tribution giving a mean and
standarddeviation was determined for eaeh randomvariable. The distributions used
for this study we~ determined from data published in the WES-JAYCORP report,
from other published data, from data found from the site or records from the site, or
tkom engineering judgement. Some random wu-iables for which the statistical
distributions could not readily be dctcnnined but which had little influenee on the
factor of safety were considered constants. The sections whieb follow explain in
detail the random variables used for each structuretype and how they were
determined.

6. Next, factors of safety were determined for the critical members with each
random variable varied individually one standarddeviation above and below the mean
value for that variable. Fmm these factors of safety, a reliability index, ~, was
determined. The index JI is the number of standarddeviations between the average
expected performance of a structure and its limit state. From~ the reliability, R,

was computed. As stated previously, R is the probabilhy thatthe structure will
perform satisfactorily in a given time pericd. Siice some of the random variables
usually vary with time, they and its correspondingR were computed by ytzu up to
the year 2050. ‘Jlsenext step was to convett R by year into a hasard function, the
probability that the atruetumwill have unsatistimtoryperformancein a given year.

7. Tlte lock and dam stmctures have two basic limit state types for which final
hazird fursetionswere computed in dlffercnt ways. The two limits states arc the
strength limit state and the fatigue limit state. The strengthlimit state occurs when
the loadiig in a member, such as flexure, compression, or tension, is greater than its
-W its ms~ s-gth or member stabdity. The fatigue limit statc OCZUISwhen
repeated load cycles in a member create a crack which weakens it and subjects it to
furtherdamage by fatigue or lowers its capacity for the strengthlimit state. All
structuraltypes arc subject to potential unsatisfactoryperformance due to the strcmgtb
limit state, but only structures seeing significant cyclic loadiigs, such as from
lockagea, m subjeet to the fatigue limit state. Tlserefore, dam struehsres were
analyzed for the strength limit state and lock atruchsreawere analyzed for the botb the
strength and the fatigue limit statea.

8. For the strength limit state, loadings used to compute the reliability index, ~, were
computed by Fsssdingthe statistical distribution for the maximumloading that would
occur in a year. The reliability, R, that was computed from this loading represents
the probability that the structure will have satisfactory pcs-formancein the year for
which the reliability is computed and is independentof Ioadmgs that occurred in
previous years. The harard function, or probability of unsatisfactoryperformance, is
therefore equal to 1- R.
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9. For the fatigue limit state, the reliability computed at a given yea is dependent on
the loadings in the previous yciws of the structures life since tie fatigue limit state is
dqxmdcnt on the numbex and magnitudeof the stress cycles experienced by the
structure for its entire life up to thatpoint in time. The rcliabiity computed is
therefore a cumulative probability that the structure will survive up to that point in
time. The Wcibull function was used to cmvert the cumulative reliabilities computed
every y= into a hazud function which gives the probabilityof unsatisfactory
performance in a “givenyear.

10. Reliability models were developed for each structuretype. In some cases, more
than one model was needed to analyze diffenmt components or different limit states of
a single structuretyp. Irsother cases, sevmal dtierent models were needed to
account for differemttypes of structmal systems used for tie same structure* at
different sites. The models that were developed are described in the se@ions that
follow.

Results

11. Probabilities of unsatisfactory performance for each stricture type are
summarized in Oresections which follow. Probabtity of unsatisfiictory performance
has been computed for the years 2000 to 2050 for a normal O&M case assumirrgtJrat
maintenance practices done in the past will be done also in the future and for an
enhanced maintcnamx case where additional maintenanceis done in the future.
Reliability numbers have also bear computed for the years after which the structure
has bear rehsbiitated. Since there is similarity between stnrctureaat many sites,
structures were grouped together where possible to reduce the amount of computations
needed.

12. The consequences of each structuretype having unsatisfactory performance are
summarized in the section for each structuretype. Consequences for navigation range
from relatively little, * as if a taintcrgate were to suffer minor damage from ice in
the middle of winter during which navigation was shut down and the pool was not
lo% to major, such as if a miter gate were to fail and repairs stopped navigation for
many &ys during a busy navigation period or if a rolkr gate were to collapse and a
pool was lost. Since what the actual consequences would be is uncertain, three
possible scenarios of corssequesrceshave been developed with different probababilities
of occumemce for any one instance of unsatisfactory performance. The scenarios
listed below with their comespondmg probabfily of occurrence are

- 90%.

2. c

3. Consequences
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Tire consequences which correspond to any one of the three possibilities are Iktrxl in
the sections for each structuretype. but mnsequenms with a higher probability of
occurring are lesser than the consequences with a low probability of ocxurring.

13. Cost are listed in each following section for repair of a shmcturethat has suffezed
unsatis~ctory performance., for rehabilitationof the sh-uctures,and for enhamxd
maintenance.

14. For lock and darn sites where the reliability of the structurewas very high until
the year 2050 and the probability of unsatisfactoryperformance was considered to be
insignificant, no results are given. For the economic analysis the reliability can be
considered equal to one and the hazard functionequal to zero. There are no costs
associated with these structures.
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RetiabiMy Analysis of Miter Gates

I. Model Description

1. References The following publications were utilized in the probabilistic
analysis of the miter gates.
a WES & JAYCOR (March 1994): Reliability Analysis of Miter Gates
b. Eflingwood, B.R. (1993): Load and Resistance Factor Design for Steel Miter
Gate% WES Report ITL934.
c. Ellingwood, B.R. (July 1995): Engineering Reliability and Risk Analysis for
Water Resources Investmen&, Role of Structural Degradation in Time-Dependent
Reliability halys~ WES Report ITL95-3
d. EM 1110-2-2703 (1994} Lock Gates and operating Equipment.
e. Lock Gate Operating Forces, Locks 2-5A & 10 (January 1989): St. Paul
Distri@ US Army Corps of Engineers.

2. There are many members or sub-components in a miter gate. It was
decided that only those components which would either have a higher chance of
unsatisfactory performance or major consequence would be analyzed in detail.
After preliminary review and using engineering judgement by the objective 2A
team membe~ it was concluded that the following members would be analyzed.

(i) Vertically Framed Miter Gates (VFMG):
Vertical b- verticaf girde~ did top horizontal girder.
Gate anchorage

(i) Horizontally Framed Gates (HFMG):
Horizontal Girders and Gate Anchorage.

Since there are many horizontal girders in a HFMG, only a few representative
girders are analyzed. The girders above the upper pool level undergo
atmospheric corrosion and resist lighter loads compared to the girders below the
pool level which are subjected to submerged corrosion. The spacing of the
girders is another variable that affects the loading on horizontal girders. A
summary the miter gate data is given in the table “Miter Gates Data”

3. Reliability of members was calculated for various limit states and the limit
state that produced the lowest reiiabfi~ was assumed to control the member.
Calculation of system reliability, such as the reliabili~ of the totaf gate, was not
attempted. After discussions with the economists involved in the study, it waa
concluded that determiningg the reliability of individual components together with
appropriate consequences was sufficient to carry out the risk simulation model.
Elements of a miter gate deteriorate with time due to fatigue damage
accumulation and corrosion. Corrosion occurs when there is no protection by an
effective paint coating.

1



Description of Models

4. Vertically Framed Miter Gatrx Other than those at the ends, verticaf
beams and vertical girders carry the same amount of loading. However, vertical
beams have smaller cross-sections and control the limit state. For this reasoq
only vertical beams were analyzed. In the horizontal girders, the bottom girder
simply transfem the loads on to sill and does not undergo bending actions. In a
VFMG, top horizontal girder carries the loads transferred by vertical beams. Top
girder behaves like a member in a three-hinge arch and resists axiaf and flexural
loads.

Horizontally Framed Miter Gate: III a HFMG, rdfhorizontal girders
~ resist axial and tlexural loads. Behavior of the girders is
ve~ similar to the top horizontal girder in a VFMG. Hydraulic loading on
girdem depends on the location (distance from top) and the spacing of girders.

6. Miter Gate Anchoragti Steel anchor bars transfer the gate reaction to
anchorage channels which in turn transfer it to the concrete monoliths. Anchor ~,&f./{
bars are loaded in tension and unsatisfactory performance of th- occurs due to D <<.4,..,2/
fatigue cracking. Each miter gate leaf anchorage has two anchor bars. When the /

gate is open (i.e., in the recessed position), anchor force is taken by one of the
two bars. When the ate i marl closed (i.e., mitered position), anchor force is
taken dmos$by the ~+f~ar. #is’#&mkstbebigherl oad and tierefor~ tie
reliability was computed for ~bar which is loaded when the gate is closed.
Cracking of a bar requires replacement of it with a spare bar. Permanent 6X of
replacing the bar would necessitate the shutdown of navigation for+feav days.

A< r-
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Table 1 Miter Gate Data

Miter Gates V.F. = vertically framed miter gate

J-rick Type of

Framing

Upper Miss.

8 I V.F.

13 ! V.F.

14 I V.F.

17 I V.F.

H.F. = horizontally framed miter gate

U.P.-T.W.(ft) GATE HEIGHT (ft]

(Design Head) Us. D.S.

I 1

12.2 I 21 32

5.5 I 27 I 27

6.5 I 231 2s

8.01” 23 I 2s

11.0 I 271 30

9.0 I 271 33

8.0 I 2s1 30

11.0 ] 251 30

9.0 I 2s1 30

11.0 I 251 ‘ 30

8.0 I 251 30

9.8 I 23 I 30

36.2 I lift gate I
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20 V.F. 10.0 20 27

21 V.F. 105 27 33

22 I V.F. I 10.2 I 27 I 33

15.0 I 251 33

2’5 I V.F. I 15.0 I 27 I 35— 1 ! I I

Mel Price H.F. 125 lift gate 53
Main

MP Awdock H.F. 12.5 575 53

27 Main Lock I H.F. I 11.4 I lift gate I 70

27 Auxlock H.F. I 11.4 I lift gate I 70

Iwwl I I I
Lockport H.F. I 41.0 Mt eate I 58.6

Brandon Road I H.F. I 23.0 I ~

Dresden Island I H.F. I 14.0 I 19.5 I 34.8

Marseilles H.F. 13.3 19.5 373

Starved Rock H.F. 17.0 19.5 35.7

Peoria I V1. I 5.8 I 17.5 I 25.0

LaGranze V.F. 5.8 I 17.5 I 25.0

4



Loads and Performance Modes

7. In both type of gates hydraulic loading was considered. Impact load was
not considered in the reliability analysis. Fatigue damage occurs in a steel
component when it undergoes cyclic loading in tension. Other type of
deterioration that occurs in steel structures, especially in a marine environment is
corrosion. Degradation due to corrosion can be prevented by a periodic painting
progr~ which has been the case with some sites. Corrosion was modeled as
suggested in the WES report.

8. h vertical beams and horizontal girders, two performance modes (or limit
states) were considered. One is the fatigue limit state and the other is the
bending limit state. The limit state with the lower reliability controls a particular
component, However, in cases where painting has been done on a reasonable
frequency, fatigue limit state became the controlling case with time.

9. For both limit states, structural analysis was first done deterrninistically.
Under the assumptions that vertical beams are pinned at the ends and the
horizontal girders act as part of a three-hinge arch, closed form solutions were
obtained for bending moments and axial forces. Reliability indices were
calculated by the Taylor Series method using the random variables as described
under Random Variables.

10. For anchor b- loading (tensile reaction) comes due to the weight of a
gate and the force in the strut arm. Gate weights were taken from the data in the
as-built records. All the gates in the UMR were looked at and weights for similar
gates were compared for accuracy. Strut arm forces were computed in accordance
with the method shown in Ref. le.

Random Variables

11. Many random variables were used in determiningg the reliability of
structural elements- Some of the variables are based on the report by WES &
JAYCOR (1994).

12. Yield Strength of Steel: Tbe ratio of Mean Value to Nominal Value(FY),
and tie ratio of standard deviation to mean value (known as coefficient of
variatio~ c.o.v.)depend on the limit state under consideration @lingwood, 1993).
For the bending mode, mean value is 1.08*Fy and C.O.V.is 0.14.

13. Corrosion: The amount of corrosion,c, in mm was modeled as (WES &
JAYCO~ 1994)

5



logc=log A+ Blogt+ c=,

where ~c has a mean value of O. Values of& B and standard deviation of e=
depend on the environmental conditions as shown below.

I A I B ] std. deviation of

I I I EC

Sulash Zone I 1485 I 0.903 t 0.099

Submerged Zone I 51.6 I 0.65 I 0.174

Atmosnhenc I 23.4 I 0.65 I 0-219

Components of a gate were considered to corrode whenever”tbe paint was not
effective. Painting history was obtained from site specific records.

14. Fatigue Damagd Fatigue damage was evaluated using Mines’s hypothesis
as described in the WES-JAYCOR Report. There are two random variables
associated with i~ e, fatigue strength correction and A, darnage accumulation
factor. Mean for c and A is Oand 1.0, respectively. Standard deviation fore and
A is 0.31 and 0.3, respectively.

15. Ratio of Iockages to actmd stress cycles ‘Kc) This variable embles the
number of stress cycles to be computed from the number of lockages at a given
lock site. Mean and standad deviation of Kc vary with site.

16. Hydraulic Loading Loads on a miter gate is caused by the differential
head behveen the upper pool and the lower pool. Upper pool was treated
deterministic and the differentird head was taken as a random variable. During
part of a year (ii winter), some locks are shutdowq however, fatigue damage
depends on the head as well the number of cycles a gate undergoes at the
particular head. Therefore, in evaluating the fatigue damage, weighted head (with
respect to number of lockages) was used. In the flexural mode, the masirrmm
head was used. The statistics of the maximum head is such that the probability of
occurrence is one (1OO%)per year. Records of hydraulic data are available for
all the sites for some extended period of time which makes the statistics very
reliable. Records from daily/montldy were converted into yearly and the yearly
values were used in the analysis because the time step used in the modelling is
one year.

6



17. Stress Uncertainty Factor ~ (Ratio of actual force to computed force).
This variable account for the modelling error in the structural analysis. It has
been determined and reported by WES as foflows.

Component Mean std. dev. I
VFMG: Verdcaf Beam 0.964 0.120

VFMG Top Girder 1.380 0.210

HFMG: Horizontal Girder 0.880 0.140

18. Analysis of the gate elements was done on spreadsheet using Lotus 123.
The model was developed such that most of the calculations are performed
automatically. Different versions were developed for vertical beams (VVBEAM)
and top horizontal girder (VHGIRD) in a VFMG and horizontal girders
(HFGIRD) on a HFMG. VVBE~ VHGfRD and HFGIRD are the
spreadsheet programs that were developed.

19. FirsL all necemary data are input. This includes geometrical properties
material properde$ etc Also, Iockage and head data are input into the
spreadsheet by reading from external files. Data ties contain the projected
information for the future years until the study time period.

20. Forces in the components are calculated using the closed form solutions in
the spreadsheet. Then the reliability for bo@ limits are calcxdated at each time
step. The limit state for bending was defined as the onset of extreme fiber
yielding. The limit state for fatigue was defined as reaching the damage level as
detined by Miner’s rule.

21. &tchor Bam Information was coflected on geometry, gate weigh~ strut
arm loading and lockage. Gate reactions from dead weight were computed and
added to the strut arm force in order to determine the maximum tension in the
anchor bar. The maximum force was assumed to be taken by only one of the
anchor bars. Theoretical stresses gave low vahses in the anchor bar. Calibrating
it with a finite element analysis, it was concluded that theoretical stress (given by
formulas) should be multiplied by 1.5 to get a reasonable estimate. This is due to
bushing attachment holes. Reliability index and a corresponding reliability were
calculated at one-year time interval.
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22. Hazard Function: Using the time dependent reliabdity, a regression
analysis was done and a Weibull distribution was fit. Hazard function was then
established using tbe Weibull parameters.

II. Site Selection

23. The study involves Locks 2 through 27 in the Upper Mississippi River
(UMR) and 7 locks in the Illinois Waterway (IWW). In the U~ Locks 2
through 10 are in the St- Paul Distri@ Locks 11 through 22 are in the Rock Island
District and the remaining four locks in the St. Louis District. All the seven locks
in the IWW are in the Rock Island District. Five locks in IWW, and Melvin-
Price and Lock 27 in UMR have horizontally framed miter gates. Others have
vertically framed gates. Older gates are rivetted struchsrcs whereas the newer
ones are welded structures.

24. Locks in the same District go through identical maintenance schedufe;
further, adjacent locks in a river system undergo similar Iockage cycles. Locks in
the very upper reach of Mississippi, such as those in the St. Pauf Distric~ have
less number of load cycles compared to those in the lower reach. Therefore, in
the upper reach of UMR only every other lock was evaluated in detail. Because
the resuhs showed that gates are reliable until 2050 under the present O&M
patte~ remaining locks in the St. Paul District were not analyzed. Similar
conclusion was reached for the UMR locks in the Rock Island Distri& All four
UMR locks in the St. Louis District were evaluated.

,.

25. Illinois Waterway The locks ilom the upper reach of the river are
Lockport (LP), Brandon Road (BR), Dresden Jslrmd(III), Marseilles (MA),
Starved Rock (SR), Peoria (PO) and IaGrange (L@. Peoria and LaGrange have
rdmost identi~ vertically framed miter gates and undergo similar loading.
Therefore, ordy one (Peoria) lock was evaluated. B~ D~ MA and SR have
identical horizontally framed miter gates (HFMG) at upstream with the same
height and identical loading. Therefore, only one of these (BR) gates was
evaluated. In the downstream side, only DI and SR have similar gates and
loading. LP, B~ MA and SR were evaluated for the downstream HFMG. SR
has rivetted HFMG and all others have welded gates.

Lock Gates Investigated Other Similar Locks

Lm
VFMG 2

4 5
6 7
8 549



10 3

12
15
17
20
22

24
2.5

HFMG: New 26 (Melvin-Price)
27

m
VFMG

Peona

11, 13, 18
14

16
21

La.Grange

HFMG:
hCkpOrt dis
Brandon Road u/s DI, ~ SR (U/S)
Brandon Road d/s
Marseilles d/s D~ SR (d/s)..

26. Anchor Bmw All the anchor bars in the St- Paul and St. Louis Districts
have been either replaced or planned to be replaced soon. When they are
replaced, the bushing attachment boles are realigned arsd as such, anchor bars
don’t show any sign of unsatisfactory performance. Within the Rock Island, it is
the same case on the IWW. In the UMR in the Rock Island Distri@ Locks 12
14, 17, 18, 19,21 and 22 have the original anchor bars. Lock 12 was previously
_ and the ressdts are included irsthis report. Looking at the gate heights
and the submergence of gate$ it was observed that 17 and 18 are simil~ 21 and
22 are similar. Therefore, 17,20 and 22 were the three cases that were analyzed
for anchor bars. Anchor bars at 14 are scheduled to be replaced in 1996 rmd are
not analyzed here.

11. Hazard Functions

27. In the vertically framed miter gates, only those at the Locks 24 and 2.5
resulted in unsatisfactory reliability. At all other sites, the gates’ probability of
unsatisfactory performance (PUP) is very low until year 2050 for the performance
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modes analyzed. SinCCthe PUP is very low, hazard function is almost zero, or
less than O.000001. For within the accuracy of the effo~ hazard may be
considered zero. Lock 2S is slated for rehabilitation at present. Therefore, it will
be satisfactory till 2050 once the rehabilitation is complete. Ordy lock 24 was
analyzed for enhanced maintenance and rehabilitated conditions.

28. In a horizontally framed gate, representative number of horizontal girders
were analyzed and the worst case was considered to control the reliability of the
gate. Due to inappropriate weld details, some girders become less reliable very
quickly.

29. Reliability indices for selected sites are listed in the following table. The
reliability index is shown for compaison purposes at three time points. Tbe time
points shown are 1940 or the first year in service, year 2000 and yea 2050.

Lock Site

4

8

12

17

20

22

24

Vert. Beam u/s
d/s

Vert. Beam u/s
d/s

VerL Beam u/s
d/s

Her. Girder u/s
d/s

Her. Girder u/s
d/s

Vest Beam d/s
Horiz.Girder u/s

d/s

Vest. Beam u/s
enhan. mainL

Her. Girder u/s

Reliability Index (beta)
1940(”) 2000

11.2 5.66
11.8 6.43

10.2 524
/io.5 5.45

10.6 520
11.2 6.05

14.1 9.10
12.8 7.81

10.4 6.18
8.41 4.12

9.54 4.04
10.4 5.64
8.83 4.00

7.92 1.09
3.75

7.92 3.12

2050

455
529

4.08
430

3.84
453

7.82
652

4.94
289

276
4.42
279

0.00
279

2.05
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25

M-P (26)

27

Peoria

BR U/S

BR d/s

Vert. Beam u/s
Her. Girder u/s

d/s

Her. Girder d/s
(cat. C weld)

H. Girder 10 d/s

Vert. Beam u/s
d/s

Her. Girder d/s

Girder 1

Girder 6 (eat C weld)
Guder 10 (eat E weld)

7.74
7.95
133

11.11
(1990”)

14.7
(1963*)

9.78
9.79
13.7

7.85(1935)

93(*1996)
8.39

1.24
338
8.18

7.51

9.73

3.75
4.09
829

3.43

6.76
5.70

0.07
2.33
7.92

4.75

7.74

2.53
3.09
7.43

2.58

2.49
1.30

Gir.10 (ea~C) “ 10.2 7.61 3.35

Marseilles d/s Girder 8 (eat C) 11.8(=1996) 9.19 4.85

bCkpOli d/s Horiz Girder - 10.0(”1985) 6.0 3.2

SR d/s Girder 8 18.0(’1936) 8.0 7.0

30. As it ean be seen from the reliability indices in paragraph 29, most sites
had I@ reliability. Thus, hazard rate was zero for most sites. Only the sites
where hazard rate was significant are listed below. Further, note that these values
are per gate leaf and there are two gate leafs at each location (i.e., up stream and
down stream).
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Hazard Function Lock 24 d/s vert.beam

Year Normal O&M Enhanced Rehabbed. Year lkom
rehab

2000 0.000008 0.000003 0.ooOOOo 1

2001 0.000008 o.m3 o.ooOOOo 2

2002 0.000009 o.m3 o.ooOOOo 3

2003 0.OOOO1O o.m3 o.ooOOOo 4

2004 0.OOOO1O 0.000003 0.ooOOOo 5

2005 0.000011 0.000003 0.ooOOOo 6

2006 0.000011 0.000004 oaoOoOo 7

2007 0.000012 0.000004 0.ooOOOo 8

2008 0.000013 0.000004 0.ooOOOo 9

2009 0.000014 0.000004 0.ooOOOo 10

2010 0.000014 0.oo0004 0.000000 11

2011 0.000015 o.m5 o.- 12

2012 0.000016 0.000005 “ o.ooOOOo 13

2013 0.000017 0.000005 0.000000 14

2014 0.000018 o.ms o.ooOOOo 15

2015 0.000019 o.m O.000000 16

2016 0.000020 0.000006 0.ooOOOo 17

2017 o.ml o.000006 0.ooOOOo 18

2018 0.000022 0.000006 0.ooOOOo 19

2019 0.000023 o.m7 o.ooOOOo 20

W.o 0.000024 o.m7 o.ooOOOo 21

2021 0.000025 0.000007 0.ooOOOo 22

2022 0.000027 0.000007 0.000000 23

2023 0.000028 0.000008 0.000ooo 24

2024 0.000029 0.000008 0.000ooo 25
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2025 0.000031 0.000008 0.ooOOOo 26

2026 0.000032 o.m9 o.ooOOOo 27

2027 0.000034 0.000009 o.m 2a

2028 0.000035 0.000009 o.ooOOOo 29

2029 0.000037 0.OOOO1O 0.ooOOOo 30

2030 0.000038 0.OOOO1O o.ml 31

2031 0.000040 0.OOOO1O 0.00ooo1 32

2032 0.000042 0.000011 o.m] 33

2033 0.000044 0.000011 o.ml 34

2034 0.000046 0.000012 0.00ooo1 35

2035 0.000048 0.000012 0.000001 36

2036 0.000050 0.000012 0.000oo1 37

2037 0.000052 0.000013 0.000001 38

2038 0.000054 0.000013 0.00ooo1 39

2039 0.000056 0.000014 0.00ooo1 40

2040 0.000058 0.000014’ 0.000002 41

2041 0.000061 0.000015 0.000002 42

2042 0.000063 0.000015 0.000002 43

2043 0.000065 0.000016 0.oo0002 44

2044 0.000068 0.000016 0.000002 45

2045 0.000071 0.000017 0.000003 46

2046 0.000073 0.000017 0.000003 47

2047 0.000076 0.000018 0.000003 48

2048 0.000079 0.000018 o.m3 49

2049 0.000082 0.000019 0.000004 50

2050 0.000085 0.000020 0.000004 51
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Hazard Function Peoria Lock u/s vert.beam

Year Normal O&M Enhanced Rehabbed. Year from
rehab

2000 o.m5 o.000003

2001 0.000005 o.m3 o.ooOOOo 1

2002 0.000006 o.m3 o.ooOOOo 2

2003 0.000006 o.m3 o.ooOOOo 3

2004 0.000006 o.m3 o.ooOOOo 4

2005 0.000007 0.000004 0.ooOOOo 5

2006 0.000007 0.000004 0.000000 6

2007 0.000007 0.000004 0.oOOooo 7

2008 0.000008 0.000004 0.oOOooo 8

2009 o.m8 o.000004 o.om 9

2010 o.m8 o.000004 0.ooOOOo 10

2011 0.oo0009 0.000005, 0.ooOOOo 11

2012 0.000009 0.000005 0.ooOOOo 12

2013 0.OOOO1O 0.000005 0.ooOOOo 13

2014 0.000010 0.000005 0.ooOOOo 14

2015 0.OOOO1O 0.000006 0.ooOOOo 15

2016 0.000011 0.000006 0.ooOOOo 16

2017 0.000011 0.000006 o.~ 17

2018 0.000012 o.m o.ooOOOo 18

2019 0.000012 0.000006 0.ooOOOo 19

2020 0.000013 0.000007 0.ooOOOo 20

2021 0.oo0013 0.000007 0.ooOOOo 21

2022 0.000014 o.m7 o.ooOOOo 22

2023 0.000015 0.000007 0.ooOOOo 23
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2024 0.000015 0.000008 0.ooOOOo 24

2025 0.000016 o.m o.00ooQo 25

2026 0.000016 0.000008 o.00Qooo 26

2027 0.000017 0.000009 0.ooOOOo 27

2028 0.000018 0.000009 0.ooOOOo 2%

2029 0.WOO18 o.000009 0.ooOOOo 29

2030 0.000019 0.OOOO1O 0.00ooo1 30

2031 0.000020 0.OOOO1O o.ml 31

2032 0.000021 0.OOOO1O o.ml 32

2033 o.ml O.000011 0.00ooo1 33

2034 0.000022 0.000011 0.000oo1 34

2035 0.000023 0.000011 0.00ooo1 35

2036 0.000024 0.000012 o.ml 36

2037 0.000025 0.000012 0.00ooo1 37

2038 0.000025 0.000012 o.ml 38

2039 0.000026 0.000013 0.00ooo1 39

2040 0.000027 0.000013 0.00ooo1 40

2041 0.000028 0.000014 0.00ooo1 41

2042 0.000029 0.000014 o.ml 42

2043 o.mo 0.000014 0.000002 43

2044 0.000031 0.000015 0.000002 44

2045 o.m2 0.000015 0.000002 45

2046 0.000033 0.000016 0.000002 46

2047 0.000034 0.000016 0.000002 47

2048 0.000035 0.000017 0.000002 48

2049 0.000036 0.000017 0.000002 49

2050 0.000037 0.000018 0.000003 50
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Hazard Function Brandon Rd d/s horiz 10 (eat E weld)

Year Normal O&M Enhanced Rehabbed. Year horn
rehab

2000 0.ooOooOO 0.ooOooOO 0.ooOooOO

2001 0.ooOOOo1 o.ml o.ooOooOO

2002 o.m2 o.ooOOOo2 0.00ooooo

2003 0.ooOOOo5 0.ooOOOo5 0.ooOooOO

2004 0.ooOOOo9 0.ooOOOo9 0.ooOooOO

2005 0.0000017 0.0000017 0.0000000

2006 o.m30 o.0000030 0.00ooooo

2007 0.0000048 0.0000048 0.0000000

2008 0.0000074 0.0000074 0.ooOOooo

2009 0.OOOO11O 0.OOOO11O 0.0000000

2010 0.0000159 0.0000159 0.ooOooOO

2011 0.0000223 0.0000223 0.0000OOo

2012 0.0000306 0.0000306 0.ooOooOO

2013 0.0000411 0.0000411 o.000@OO

2014 0.0000542 0.0000542 0.0000OOo

2015 0.0000704 0.0000704 0.0000000

2016 0.0000901 0.0000901 0.ooOooOO

2017 0.0001139 0.0001139 0.ooOooOO

2018 0.0001424 0.0001424 o.00o#oo

2019 0.0001761 0.0001761 0.ooOooOO

2020 0.0002158 0.0002158 0.ooOooOO

2021 0.0002622 0.0002622 0.ooOooOO

2022 0.0003160 0.0003160 o.om

2023 0.0003781 0.0003781 0.ooOooOOJ
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2024 0.0004493 0.0004493 0.ooOooOO

2025 0.0005306 0.0005306 0.ooOooOO

2026 0.0006229 0.0006229 0.ooOooOO 1

2027. 0.0007273 0.0007273 0.ooOooOO 2

2028 0.0008450 0.0008450 0.ooOooOO 3

2029 0.0009770 0.0009770 0.ooOooOO 4

2030 0.0011246 0.0011246 0.0000OOo 5

2031 0.0012891 0.0012891 0.ooOOOo1 6

2032 0.0014717 0.0014717 0.ooOOOo2 7

2033 0.0016741 0.0016741 0.ooOOOo5 8

2034 0.0018975 0.0018975 0.0000009 9

2035 0.0021436 0.0021436 0.0000017 10

2036 0.0024139 0.0024139 o.m30 11

2037 0.0027101 0.0027101 o.0000O@ 12

2038 0.0030340 0.0030340 0.0000074 13

2039 0.0033874 0.0033874 0.OOOO11O 14

2040 0.0037722 0.0037722 0.0000159 15

2041 0.0041903 0.0041903 0.0000223 16

2042 0.0046438 0.0046438 0.0000306 17

2043 0.0051347 0.0051347 0.0000411 18

2044 0.0056653 0.0056653 0.0000542 19

2045 0.0062377 0.0062377 0.0000704 20

2046 0.0068544 0.0068544 0.0000901 21

2047 0.0075178 0.0075178 0.0001139 22

2048 0.0082302 0.0082302 0.0001424 23

2049 0.0089944 0.0089944 0.0001761 24

2050 0.0098128 0.0098128 0.0002158 25

17



Anchor Bars

31. Existing anchor bars at Locks 1217, 18, 20,21 and 22 have low reliability.
Hazard fimetions listed in the following table are for existing anchor bars. If
these arschor bars are rehabilitated with proper bushing hole arrangement, they
wilf perform satisfactorily through the s~dy period (20~0). -

I Hazard Function Lock 22 Anchor Bars

Year Normal O&M Enhanced Rehabbed. Year From
Rehab

2000 0.002705 0.002705 0.ooOOOo 1

2001 0.002807 0.002807 0.ooOOOo 2

2002 0.002910 0.002910 0.ooOOOo 3

2003 0.003016 0.003016 0.000ooo 4

2004 0.003124 0.003124 0.000ooo 5

2005 0.003233 0.0Q3233 o.ooOOOo 6

2006 0.003345 0.00334s o.ooOOOo 7

2007 0.003459 0.003459 0.ooOOOo 8

2008 0.003575 0.003575 0.000000 9

2009 0.003693 0.003693 0.000000 10

2010 0.003813 0.003813 0.ooOOOo 11

2011 0.003936 0.003936 0.ooOOOo 12

2012 0.00$060 0.004060 o.om 13

2013 0.004187 0.004187 0.000000 14

2014 0.004315 0.004315 0.ooOOOo 15

2015 0.004446 0.004446 0.oOOooo 16

2016 0.004579 0.004579 0.000000 17

2017 0.004715 0.004715 0.000000 18

2018 0.004852 0.004852 0.000ooo 19J
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2019 0.004992 0.004992 o.m 20

2020 0.005133 0.005133 0.ooOOOo 21

2021 0.005277 0.005277 0.ooOOOo 22

2022 0.U15423 0.005423 0.ooOOOo 23

2023 0.0Q5572 0.005572 0.ooOOOo 24

2024 0.005722 0.005722 [ o.ooOOOoI 25

2025 0.005875 0.005875 0.ooOOOo 26

2026 0.006030 0.006030 0.ooOOOo 27

2027 0.006187 0.006187 0.ooOOOo 28

2028 0.006347 0.006347 0.ooOOOo 29

2029 0.006509 0.006509 0.00oooo 30

2030 0.006672 0.006672 0.000ooo 31

2031 0.006839 0.006839 0.000000 32

2032 0.007007 0.007007 0.ooOOOo 33

2033 0.007178 0.007178 OMOOOO 34

2034 0.007351 o.oo735i o.ooOOOo 35

2035 0.007526 0.007526 0.00oooo 36

2036 0.007703 0.007703 0.000ooo 37

2037 0.007883 0.007883 0.000ooo 38

2038 0.008065 0.008065 0.ooOOOo 39

2039 0.008250 0.008250 0.ooOOOo 40

2040 0.008436 0.008436 0.ooOOOo 41

2041 0.008625 0.008625 0.ooOOOo 42

2042 0.008817 0.008817 0.ooOOOo 43

2043 0.009010 0.OO9O1O 0.ooOOOo 44

2044 0.009206 0.009206 0.ooOOOo 45

2045 0.009404 0.009404 0.ooOOOo 46

2046 0.009605 0.009605 0.ooOOOo 47
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2047 0.009808 0.009808 0.ooOOOo 48

2048 0.010013 0.010013 0.ooOOOo 49

2049 0.010221 0.010221 0.ooOOOo 50

2050 0.010431 0.010431 0.ooOOOo 51

Anchor bars at other sites (locks 1~ 17, 18, 20 and 21) also gave similar values for
hazard fUUCtiOUS.

32. Hazard Functions After a Reuak Reliability of a structure after a repair
depends on the type of component and the extent of the repair. Therefore, for
lower level and medium level consequences, hazard rate after a repair is assumed
to be the same as before the repair. Hazard rates after a high level consequence
would be the same as the hazard rate after a rehabilitation.

V. Consequences

33. Consequences were assumed to fall into three categories. Low Ievel (LC),
Medium Level (MC) rmd High level (HC). Low level of consequence would
include inspection and minor repair of gates. This ccdd be done on a scheduled
time during regular mvigation shut down without loss of service. Medium
consequence would be painting the gates, and repairing damaged members and
welds. This again could be achieved during scheduled shutdowns without a loss of
semice. High level consequence would be replacing a gate leaf in the event of
failure. It assumes the availability of a spare gate and mobilizing/demobtig a
plant to replace the damaged gate. The cost could vary slightly depending on the
distance the plant has to travel to a given site. However, neglecting the cost
variation due to travel tim~ the repair cost is the same for all sites.

For all sites

a. Miter Gates

Level of Probability Nav. Shutdown cost ($)
Consequence Time (days) Per Leaf

Low Level (LC) 0.90 0 40,000.
Medium Level (MC) 0.09.: 0 12S,000.
High Level (HC) 0.01 14 825,000.
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b. Anchor Bars

Level of Probability Nav. Shutdown cost ($)
Consequence Time (days) Per Pair

Low Level (L.C) 0.90 0 3,000.
Medium Level (MC) 0.09 2 15,000.
High Level (HC) 0.01 4 45,000.

Medium level would involve temporarily fixing any minor problems and waiting
for the mvigation season shutdown to do permanent repairs. High level would
involve immediate firL

IV. Costs for Rehabilitation

Miter Gates

34. Height of a gate doesn’t vary the rehabilitation cost signitleantly. For
example, in painting a miter gate, majority of the cost is due to mobilizing the
equipment and labor. Rehabilitation could be either painting of a gate or
replacement. Cost was estimated as follo~

Painting a miter gate leaf $125,000.
Replaeing a miter gate $800,000.
(supply a new gate 14 remove old& install new)

35. Painting cost estimated with the assumption that all four leafs are painted
at the same time. Unit cost of replaeing a gate would be little less if multiple
leafs are done at a site at the same time.

Anchor Bars

36. In anchor b% itassumes that a pair of spare bars are available and the
bars are replaced without dewatering the lock. That is, the replacement is done
with the help of a diving crew to jack-up the gate.

Replacing a pair of anchor bars $45,000.
(supply aod instd)
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Reliab~ Analysis for Lii Gates In the St Louis Dtict

L Model Description

1. The stru-” reliability model for lift gates was developed using methods
outlined in the report written by WES and JAYCOR titled “Reliability Analysis of
Hydmulic Steel Struc@res with Fatigue and Corrosion Degradation-, March 1, 1994.
For the lift gates, limits state for unsatisfactoryperformance due to both sttength and
fatigue Wem be examined.

2. Theliftgatea inthe St. Losds District are Xlstructum composed of several
members. An upstmarn skin plate is welded to the upstream flanges of horizontally
framed plate girders. lle top girder of a leaf fomss a vertical damming surface.
Vertical d~bragrns on recently designed lift gates help distribute the hydrostatic
loads to the plate girders. On older designs without diaphragms, there are adjamnt
dowsrstreansbracing members which serve the same function. For a given gate and
loading, several members could be critical to the reliability of the gate. The most
critical members are the downstream plate girder flangea which are tension members.
The upstream skin plate is not critical unless a major portion of the skin plate failed,
which has a very low probability. Therefore, a complele structural ansJysis was
performed on the horizontally framed horizontal plate girders of the lift gate& criti~
loads, and the limit state of the members were identified and the member reliabilities
computed. The overaU rcliabiity of the Ml gate is determined from the reliability of
the plate girders.

3. Because of the similarity to the reliability analysis on miter gate vertical beams,
the structural reliability model used to analyze miter gates was adapted for lift gate
*ility analysis. Both models are greatJybased on the miter gate model presented
in the WES-JAYCOR report. llwre are no significant deviations from the previously
approved miter gate modeIs.

4. The analysis of the lift gates for forces in the horizootaJplate girders was done
using conventional 2dirnensional modeling techniques. Appropriate loading diagmsm
were developed for each lift gate for the difference in head between the upper and
lower pools carried by the upstream skin plate. llsis loading was then transferred to
the hmizontal plate girders using the appropriatecontributory area of skin plate.
Forces for individual girders were found based on equations for simply supported
beams with uniform loading.

5. For the development of the lift gate reliability mcdel, a copy of the spreadsheet
developed by the St. Paul Dlslrict for the struchmd reliability model for vertical
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beams for miter gates was obtained and adaptedfor the lift gates at Locks No. 27 and
Melvin Price Leeks and Dam.

Deftition of Urssat”tiaetory Performance

6. Although a lift gate is comprised of several components, any one of which could
be loaded beyond its limit state and cause unsatisfactoryperformasseeof the gz the
most eritieal components are the horizontal plate girders. It is very unlikely that the
loss of a lift gate leaf will result in a loss of the pool. If a lift gate leaf fails due to
unsatisfaetmy performance of the plate girders, the possible eonsequeoces range from
a single eraek inidated in the compression fbusgeof a plate girder, rsquiring a elos
of the leek for repair scheduled within a two month window for a duration of arm %/
-, to multiple eraeks initiated in several plate girders, requiring immediite
closure of the leek for repairs for a dmation of one month. The limit atatea for the
plate girders are bending or shear. A review of the designs of the St. Louis Dishiet
Ml gates revealed that the factors of safety in shear were high and would yield high
Betas. Therefore, only bending was irseorposatedinto the lift gate reliability model.

7. For the skin plate, there do not seem to be any unsatisfactoryperformance modes
which would affecI the overall integrity of a gate shor&of failure of a significant
portion of the entire upstream skin plate surface. ‘lIre skin plate serves to contain
water behind the gate and transfer loads to the horizontal plate girders. Because there
is cxmam-vadamin the design method used for the skin plate and because its
performance does not impact the overall shuctural capacity of the gate, the skin plate
was not considered a critical member for the reliability analysis.

Random Variablea

8. The random variables in the following paragraphswere used in the reliabfity
model. ‘Ilsey were derived from values listed in the WES-JAYCOR report:

9. Corrosion Rate< The random vzwiablefor corrosion is ec and the amount of
corrosion, C, is detined by

log C- log A + B log t + e..

The -les used for the eorrosiorrequationwere those variablea givers in the WES-
JAYCOR report. Depending on which girder was arralyzd, eithsx the variablea for
atmospheric, splash zone, or submerged corrosion conditions were used. Therefore,
the following variables were used in the reliability anaiysis for the lift gatea to
produce C in micrometer

A = 23.4, B = 0.65, ee avg. = Owith std. dev. = 0.219 (Atmospheric)
A = 148.5, B = 0.903, ee avg. = Owith std. dev. = 0.099 (Splash Zone)
A = 51.6, B = 0.65, ee avg. = Owith std. dev. = 0.174 (Submerged)
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10. For the original lift gste leaves at Locks No. 27 and Melvin Price Locks and
Darn, it was assumed the vinyl paint systems would prevent rsxmsion for 20 years,
and that themaftez the gates wouId be painted on a regularmaintenance schedule
resulting in no further corrosion.

11. For the new lift gate leaves at Locks No. 27 and Melvin Prim Locks and DSM,
it was assumed me vinyl paint systems would prevent eormsion for 20 years, and that
thereafter the gates would be painted on a regular mairstenasseeschedule resulting in
no significant corrosion of the gates

12. Steel Yield Sh’eswth.
fouow~

J3ending. Avg. =

The random variable is &fined by LRFD sesearch as

1.08 Fy, Std. &W. = 0.14

The yield strength, Fy, for the A7 steel used at Locks No. 27 on the original lift gate
leaves is 33 ksi. The yield stigth, Fy, for the new lift gate leavea at Locks No. 27
and Melvin Psice Leeks and Dans is 50 hi.

13. Loadisw,. The random variable used for loading is hydrostatic load. Since the
reliability is computed on an annual basis, mean and standarddeviation for loading
should be for eritieal loadiig the gate experiences in a year. For a lift gate this is the
maximum hydrostatic head it would see in a giveo year. A summary of the resuks
for the strength and fatigue limit statea are listed below. Dwussion of load eases and
additional loading information is found in the pamgraphtitles “Load Casea”.

Strength Limit State
Avg. Maximum Yearly Head -17.60 feet, std. dev. -1.69 feet

Fatigue Limit State
Cumulative weighted average head, 1993,-11.36 ft, std. dev. - 2.66 ft.

14. Jtatio of actual to a)muuted Or@&f This randomvariable is KS and is the ration
of actual to cahldated Wease.s.

Avg. KS -1.02, Std. dev. -0.10.

The numbers for KS above were used for the development of the ABC LRFD code
and therefore were developed from building mnstruedon. The values were taken
fmm the WES-JAYCOR report and their applieabiity to lift gates may be
questionable.

15. Fathwe. For fatigue, there are three vmiables which w used.
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A) Ratio of loekages to actual stress cycles (Kc). This factor permits the
number of stress cycles to be computed from the number of Ioekages Kc is
computed from the number of machinery hard cycles. For Iacks No. 21

Avg. KC -0.999, Std. &V. = 0.157.

B) Uncert@ntyin the fatigue life of the material (e). This variable is applied
in the equation which is used to compute the fatigue strength of the matcriah

Avg. 6 = 0.0, Std. dev. = 0.31.

C) Damage accumdation factor (A)

Avg. A = 1.0, Std. dev. = 0.30.

Load Cases ...-.<

16. One load case was selected for the reliability model. The lift gate was checked
for both strength and fatigue. The load was for hydrostatic Ioadmg with headwati
and tailwater due to maximum annual head for the strength limit state or due to
avemge head for the fatigue limit state. Water loads on the gate were computed from
daily records for pool and tailwater levels at Locks No. 27 from 1963 to 1993.

Procedure for Analyzing Reliability

17. The procedure used to compute rcliabiity of L gates in the St. louis Dktrict is
described bCIOW:

A. Information was collected on the geometry, member properties, weight,
loadings, and number of lockages for the lift gates.

B. Hydrostatic loads on the lift gate on the lift gate were computed. ‘l%e
loads, reactions, and all furtheranalysis must be computed at the mean loading
and one standard deviation above and below the mean.

C. Forces in the litl gate membem were computed. Loadiig diagmma were
developed to compute the hydrostaticforces 0ss the various horizontal plate
girders, which are the critical members in the lift gate reliability analysis.
Moments were calculated by modeling the girders as simply supported beams
with a uniform hydrostatic Ioadlngtaking into account the effective width of
the upstream skin plate.

D. Reliabtity was computed for limit states due to bending and shear loads in
the gate members. From previous reviews of the design of the lift gates, it
was determined that only bending was critical since the shear loads)compum



the input required to be used by the reliability spreadsheet. As previously
dkcussed, the spreadsheet used to calculate the reliability for the verded
beams in miter gatea was adapted to calculate the reliability of the plate girders
for the lift gates. lle ham-d function was computed based on the procedure
shown in the WES-JAYCOR report.

If. Sie Seketion

18. Reliability analyses were performed for the lift gates at the following sites in
the St. Louis District

A) Leeks No. 27, Main Lock New Lift Gate, Upstream Leaf.

B) Imeks No. 27, Main Ixck, Old I-M Gate, Downstream Leaf.

C) Lzcks No. 27, Aux. Leek, Old Lift Gate, Downstream Leaf.

D) Melvin Price, Main Lock, Lift Gate, Middle Leaf.

It should be noted that Leeks No. 27 has a lift gate in both the main and auxiliary
lock chambers eonsisdng of an upstreamand downstreamleaf (2-leaf configuration).
Melvin Price Leeks and Dam has a lift gate in the main lock chamber eonsisdng of an
upstream, middle, and downstream leaf @-leaf eunfiguration).

/“

m. Parameters

19. The following eonslanta were used

Gate Length = 112.5 at both LmcksNo. 27 and Melvin Price Loeka and Dam.

Mean Upper Pool = 404.5 at I..oeks No. 27;

Mean Upper Pool = 419.0 at Melvin Price Locks and Dam.

20. The table on the next page lists random vwiablea that were used in the analysis.
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I Random Variables I
Lock RV Kc e Ks Delta hi ec

Locks 27 Mean 0.766 O.(N 1.020 1.0 211.2 0.0000

Main I-oek stDv 0.032 0.06 0.100 0.3 20.279 0.0990

upstream Leaf

Locks 27 Mean 0.766 0.00 1.020 1.0 211.2 0.0000

Main Imek stDv 0.032 0.10 0.100 0.3 20.279 0.0990

Downstrmns Leaf

Ldrs 27 Mean 0.789 O.oil 1.020 1.0 211.2 0.00W

AUX.Lock NDv 0.126 0.10 ~ 0.100 0.3 20.279 0.0990

Downstream Leaf

Mel Price Mean 0.756 0.00 1.020 1.0 246 0.0000

Main Lock stDv 0.030 0.10 0.100 0.3 12 0.0990

Middle Leaf

Li.stoflletas

21. Tbe table on the following page lists Betas that were computed. Tbe betas are
listed for comparison purposes.
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Betas

L&D 27 L&D 27 L.&D27 Mel Price

Main Lock Main Ixck J%X. Lock Main Lock

New Lift Gate Old Lti Gate Old Lift Gate Lift Gate

upstream Leaf Downsrreasss Downstream Middle Leaf
Leaf Leaf

Limit state Bending Bending Bending Bending

Year Baa Bela Beta Beta

1%3 11.2 12.4

1990 3.6 5.2 8.7

1994 13.6 3.3 4.9 5.6

1995 12.1 3.2, 4.8 5.1

2005 8.1 2.3 3.9 2.6

2010 6.9 1.9 3.4 1.8

2015 6.1 1.5 3.0 1.2

2020 5,4 1.1 2.6 0.69

2025 4.9 0.77 2.3 . 0.23

2030 4.4 0.44 1.9 4.19

2035 3.9 0.14 1.5 -0.56

2(MO 3.5 -0.15 1.1 -0.90

2045 3.2 -0.41 0.87 -1.2

2050 2.8 -0.65 0.59 -1.5
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IV. Hazard Functions

22. The following tables list hazard functions that were computed for the lift ga!es.

Leeks&Dam No.27, Main Lock -New Lift Gate, Upstream= I
Year current O&rvf Enhanced Year Rehabilitated

Ha.zwd Function Maintenance Hazard Function

Hazard Function

2000 o.omxK) o.OoOcQo o o.oocOOO

2001 0.ooOOOo 0.00WMO 1 0.000COO

2002 O.m O.000000 2 0.ooOOOo

2003 O.OMKDO O.m 3 0.00WQO

2004 0.ooOOOo 0.ooOOOo 4 o.m

2005 0.ooOOOo 0.ooOOOo 5 0.ooOOOo

2006 o.OMKKIO o.0000Mi 6 0.ooOOOo

2007 0.ooOOOo 0.ooOOOo 7 O.m

2008 0.ooOOOo O.m 8 0.ooOOOo

2009 O.OMKXIO o.m 9 0.ooOOOo

2010 o. OcK1100 o.ooOOOo 10 0.ooOOOo

2011 0.ooOOOo o.m 11 o.m

2012 o.~ o.ooOOOo 12 0.ooOOOo

2013 0.ooOOOo 0.ooOOOo 13 0.ooOOOo

2014 0.00W0O oJIOOOOO 14 0.ooOOOo

2015 0.ooOOOo 0.000000 15 0.000000

2016 o.m oNOOOOO 16 0.ooOOOo
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2017 O.(KKKIOO O.m 17 o.00ooi)o

2018 OJXKXMO o.00M#30 18 0.ooOOOo

2019 0.ooOOOo O.m 19 0.ooOOOo

2020 0.ooOOOo o.m 20 0.ooOOOo

2021 O.(KXXMO o.ooOOOo 21 0.ooOOOo

2022 0.ooOOOo O.m 22 0.ooOOOo

2023 O.OCKMOO O.m 23 0.ooOOOo

2024 O.OLMOOO o.(XmOOO 24 0.ooOOOo

2025 O.WOOOO o.ooOOOo 25 0.ooOOOo

2026 0.ooOOOo 0.ooOOOo 26 0.ooOOOo

2027 0.ooOOOo 0.ooOOOo 27 0.00ooo1

2028 0.00ooo1 O.WOOOO 28 0.00ooo1

2029 0.00ooo1 0.ooOOOo 29 o.ml

2030 o.ml o.& 30 0.00ooo1

2031 0.000002 O.m 31 0.000002

2032 0.000003 0.000000 32 o.m3

2033 o.cmooo4 O.m 33 o.m3

2034 0.000005 o.Ooo#o 34 0.000005

2035 0.000007 0.00W0O 35 0.000006

2036 0.OOOO1O 0.ooOOOo 36 0.00(K)08

2037 o.01xlo14 0.00MXN 37 0. OOOO1O

2038 o.m19 o.ooOOOo 38 0.0M3013

2039 0.000026 0.ooOOOo 39 0.000017

2040 0.000036 0.ooOOOo 40 0.000022
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2041 0.000049 o.cK)ooOo 41 0.000029

2042 0.00UK8 o.ml 42 0. CKM037

2043 0.000092 o.ml 43 0.0W048

2044 0.000126 O.ml 44 0. WO061

2045 0.000171 0.000002 45 0.000078

2046 0.000231 o.m3 46 0.000099

2047 0.000312 0.000004 47 0.0MM26

2048 0.00M20 0.0(KXI06 48 0.000160

2049 0.000564 0.000009 49 0.000203

2050 o.m755 0.000013 50 0.0002S6
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LOCILS& DaIONo. 27, Main Lock - Old Lift Gate, Downstream Leaf I
Year ~ current o&M

2000 0.001764
I

I 2001 0.001989
1

I ‘! 0.002237

1 2003 0.002512
1

2004 0.002815
I

2005 0.003150
I

I 20061 0.(X13518

Enhanced Year

Maintenance

Hazard Function

0.000741 0

0.000817 1

o.m 2

0.000990 3

0.001087 4

0.001192 5

0.001305 6

Rehabilitated

Hzmrd Function

o.ooOOOo

0.ooOOOo

Omoocm

o.oOCHloO

o.ooOOOo

0.ooOOOo

0.ooOOOo

I 2M)71 o.m3923 I 0.001428 I 7 I o.ooOOOo

2008 0.004368 ‘ 0.001559 8 0.ooOOOo

2009 I 0.004855 I 0.001701 I 9 I o.ooOOOo

2010 0.005389 0.001853 10 0.ooOOOo

2011 0.005973 0.002016 11 0.ooOOOo

2012 0.006611 0.002191 12 0.ooOOOo

2013 0.007307 0.002379 13 0.ooOOOo

2014 0.008065 0.0025MJ 14 o.00(N300

2015 0.008891 0.002794 15 0.ooOOOo

2016 0.009788 0.003024 16 o.@XMOO

2017 0.010762 0.003269 17 0.ooOOOo
I , ,

2018 0.011820 0.003530 18 0.ooOOOo
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2019 0.012965 0.003809 19 o.m

2020 0.014206 0.004105 20 o.cQOooo

2021 0.015548 0.004421 21 o.m

2022 0.016998 0.W4757 22 0.ooOOOo

2023 0.018563 o.(K15114 23 0.ooOOOo

2024 0.020251 0.005492 24 O.m

2025 0.022071 0.W5894 25 O.OoOWo

2026 0.024030 0.006320 26 O.m

2027 0.026137 0.006772 27 o.ml

2028 0.028402 0.007250 28 o.ml

2029 0.030835 0.007756 29 o.ml

2030 0.033446 0.IW8291 30 0.00ooo1

2031 0.036246 0.008857 31 0.000002

2032 0.039246 0.009454 32 0.000003

2033 0.042458 0.010085 33 o.m3

2034 0.045895 0.010750 34 0.00W05

2035 0.049570 0.011452 35 0.000006

2036 0.053496 0.012192 36 0.000008

2037 0.057688 0.012970 37 o.ooCKno

2038 0.062161 0.013790 38 0.000013

2039 0.066930 0.014653 39 0.00W17

2040 0.072013 0.015560 40 o.ooa322

2041 0.077425 0.016514 41 0.000029

2042 0.083186 0.017516 42 0.000037

12



2043 0.089313 0.018569 43 0.000048

2044 0.095826 0.019673 44 o.ml

2045 0.102746 0.020832 45 0.000078

2046 0.110093 0.022047 46 o.oofM99

2047 0.117890 0.023321 47 0.000126

2048 0-126159 0.024655 48 0.000160

2049 0.134925 0.026053 49 0.000203

2050 0.144212 0.027516 50 0.000256
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Locks & Dam No. 27, AIM. Lock - Old M Gate, Dowmtnmn Leaf I
Year Current O&M Eldlanced Year Rehabilitated

I-Ianrd Function Maintenance Hazard Function

I-IamrdFunction

2000 0.000046 0.MK3005 o O.OWOOO

2001 0.000055 0.000005 1 0.ooOOOo

2002 o.m O.m 2 O.m

2C03 0.0WM79 0.000008 3 , O.m

2004 0. MIO095 O.mlo 4 o. Oalooo

2005 0.000113 0.000011 5 0.ooOOOo

2006 0.000134 0.000014 6 o.0000tKl

2(X)7 0.000159 0.WW16 7 0.ooOOOo

2X)8 o.m188 o.01X10i9 8 O.OMXMO

2009 0.000222 o.m3 9 0.ooOOOo

2010 0.000262 0.000027 10 0.00W0O

2011 0.000308 0.00M)32 11 O.m

2012 0.000361 0.000037 12 0.ooOOOo

2013 0.000422 0.00CH344 13 o.0oa300

2014 o.m92 0.000051 14 o.m

2015 0.000574 O.OMXMO 15 0.ooOOOo

2016 0.000667 0.000070 16 0.000000

2017 0.000774 0.000081 17 0.000000

2018 0.000896 0.000094 18 0.ooOOOo
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2019 0. CX31036 O.OOO1O9 19 0.ooOOOo

2020 O.ml 195 0.000127 20 o.ooOwo

2021 0.001376 0.000146 21 0.ooOOOo

2022 0.001583 0.000169 22 0.ooOOOo

2023 0.001817 0.000194 23 0.ooOOOo

2024 0.002082 0.000223 24 0.ooOOOo

2025 0.002383 0.000256 25 0.ooOOOo

2026 0.002722 0.000294 26 0.ooOOOo

2027 0.003105 0.000336 27 0.00ooo1

2028 0.003537 0.000384 28 0.00ooo1

2029 0.004023 0.000438 29 0.00ooo1

2030 0.004569 0.000498 30 0.00ooo1

2031 0.005182 0.W0597 31 0.000002

2032 0.005870 0.030644 32 0.000003

2033 0.006640 0.000730 33 0.000003

2034 0.007501 0.000827 34 o.m5

2035 0.008462 0.W935 35 0.000006

2036 0.009535 0.001056 36 o.m8

2037 0.010732 0.001192 37 0. OOOO1O

2038 0.012063 0. CW343 38 0.000013

2039 0.013544 0.001512 39 0.000017

2040 0.015189 0.001699 40 0.000022

2041 0.017015 0.001908 41 o.cMloo29

2042 0.019039 0.002140 42 0.000037
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2043 0.021281 OSK)2398 43 0. CKKXM8

2fM4 0.023762 OAN2684 44 0.000061

2045 0.026504 0.003001 45 0. CWO078

2046 0.029532 0.003351 46 0. WO099

2047 0.032873 0.003739 47 0.000126

2048 0.036556 0.004167 48 0.000160

2049 0.040612 0.004640 49 0.000203

2050 0.045075 0.005161 50 0.000256
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Melvin Price Lacks & Dam, Maim Lock - Middfe Leaf

YeaI Current 08cM Enhanced Year

Hazard Function Maintenamx

Hazard Function

2000 0.CK12052 OJX)1O23 o

2001 0.002380 0.001166 1

2002 0.002752 0.001326 2

2003 0.003176 0.001505 3

2004 0.003658 0.001704 4

2005 0.004202 0.001927 5

2006 0.004819 0.002174 6

2007 0.005514 0.002449 7

2008 0.006297 0.002754” 8

2009 0.007177 0.003092 9

2010 0.008166 0.003466 10

2011 0.009274 0.003&78 11

2012 0.010513 0.004333 12

2013 0.011898 0.004833 13

2014 0.013444 0.005384 14

2015 0.015165 0.005989 15

2016 0.017080 0.006652 16

2017 0.019207 0.007379 17

2018 0.021567 0.008175 18

Rehabilitated

Hazard Function

O.o(x)ool

o.00ooo1

0.000002

0.000002

o.m3

o.000004

0.000005

o.m

o.m8

O.OOOO1O

0.000012

0.000015

0.000019

o.m3

0.000029

0.000036

0.000044

0.000054

0.000066

17



2019 0.024181 OM39045 19 0.000081

2020 0.027074 0.009994 20 0.000098

2021 0.030271 0.011030 21 0. CKK1119

2022 0.0338f.KI 0.012159 22 0.0WN44

2023 0.037690 0.013388 23 0.000173

2024 0.041974 0.014724 24 0.000209

2025 0.046686 0.016175 25 0.000250

2026 0.051863 0.017750 26 O.OWWO

2027 0.057545 0.019458 27 0.000358

2028 0.063775 0.021308 28 0.000427

2029 0.070598 0.023310 29 0.000507

2030 0.078062 0.025475 30 0.000602

2031 0.086222 0.027814 31 0.000712

2032 0.095132 0.030339 32 0.000841

2033 0.104853 0.033063 33 0.000992

2034 0.115448 0.035998 34 0.001167

2035 0.126985 0.039159 35 0.001370

2036 0.139538 0.042560 36 .0.001605

2037 0.153183 0.046218 37 0.001878

2038 0.168003 0.050147 38 0.002192

2039 0.184087 0.054366 39 0.002555

2040 0.201526 0.058893 40 0.002973

2041 0.220421 0.063747 41 0.003454

2042 0.240877 0.068947 42 0.004005
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2043 0.263006 0.074515 43 0.004637

2044 0.286926 0.080472 44 0.005360

2045 0.312764 0.086843 45 0.006187

2046 0.340652 0.093651 46 0.007130

2047 0.370733 0.100922 47 0.008204

2048 0.403155 0.108682 48 0.009427

2049 0.438077 0.116960 49 0.010816

2050 0.475666 0.125785 50 0.012393
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Hazard Function After Repair

23. For miter gates which have required repairin the St. Louis District in the past,
the repairs were not extensive and the gate was not in significantly different condition
than it was before the unsatisfactory performamx took place. For this reason, the
same will be assumed for potential repairs of the lift gates. The hazard function after
~ ~ be wumed to be the same as it was before repair unless the unsatisfactory
performance falls under the category of high level of consequences in the section
which follows. In this case, the hazard function after rehabtitation should be used.

V. CONSEQUENC3M.

24. The membesx of the lift gates which are being investigated are fracture critical,
meaning that a failure of these members could cause catastrophic t%ilm-eof the entire
gate. However, the model only predicts crack initiation and not propagation.
Realistically, once a crack initiates, it may take numerous cycles ‘before the crack
reaches its critical crock size and finally fails. If lock persomel or periochc
inspection teams notice the crack before the crack times critical, repairs can be
scheduled and navigation downtime will not be sevese. If the crack is not noticed, it
may progress until the member fails suddenlyresulting in unscheduled repairs and
extended downtime.

25. Three levels of consequences were considered:

A) MW Level of Conseouen~. Cracks~ found“b@c-k @rscmnel or
perkdc inspection team in the lift gate leaf at an early stage. Lock must be
shut down for two days for in depthinspection and repair. Conditional
probabtity is 84%; repair costs are $15,SX)0.

B) Medium Level of Conseuuen~. Cracks are found in the lift gate leaf
before failure of the gate but they are of a more severe nature making it
imperative to be repaid immediately. Lock chamber for the lift gate leaf in
question is closed for a week (7 days) resulting in reduced lockage capacity
and longer lockage times. Lock must be shut down for seven days for in
depth inspection and repair. Conditionalprobabtity is 15%; re@r costs me
$53,000.

C) High I.evel of Ccmsemsen~. Litl gate leaf fails while in use. Complete
replacement of the leaf is required. Lack chamber for the lift gate leaf in
question is closed for six months due to t%bricationof a new lift gate leaf.
Conditional probability is 1%; replacementcost is $800,000 per leaf at Locks
No. 27 and $360,000 per leaf at Melvin Price.

20



VI. Cost of RehabWtion and Enhanced Maintenance.

26. The table below li~ cost for rehabilitating or for enhanced maintenance of the
lift gates The mst for enhanced maintenance is a Wr year cost based on a hventy
year paint cycle.

LQ@

Lacks 27 . . . . . . . . . .

Melvin Price . . . . . .

Rehabilitation Cost

$800,0001Leaf

$l,r%,ooo Both Leaves
in Main or Aux. Lock

$360,000/Leaf

$l,OY0,000 Three Leaves
in Main I..oek

Enhanced Mairrt. Cost

$6,250/Leaf

$12,500 M“: hVeS

f

irr Mainor ux. Lock

$29,2501Ld - ~
2

$8,775 ~ klVS
in Main L.oek
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Reliabiiy for LWtGates at Lockpnrt and Lock 19

I. Model Description

Loading Condition

1. The lift gates at Lo&port and Lock 19 have essentially the same loading
condition. This condition is a fairly constant upperpool hydraulic load with no
tailwater load. Hen@, the gate is subjected to a near constant amplitude load cycles.
For the purpose of this study, the load will be heated as a constant.

Critical Members

2. The investigation was limited to fmctore critical members of the main trusses for
each gate. Tbe vertical beams and the skin plate were not assalyredbecause both of
these items are redundant in nature and not fracture critical. The lift gate at Lo&port
Lock, consists of four trusses. Ordy the third truss was investigated since it is the
most heavily loaded of the four trusses. This gate has experienced cracking in the
past and buss #3 had the most extensive cracking.

Lbnit state

3. Only the fatigue limit state will be invesdgati,for this model. The strength limit
state will not be invest@ted for two reasons. First, shncethe gate is subjected to
near constant amplitude loading, the gate has shown repeatedly that yielding and
buckling of its members is not a problem. The second reason for not investigating
the strength limit state is that both of these gates have received adequate maintenance
to keep corrosion and loss of section to a minimum. Hence, the strength of its
members based on section properties has not significantly deteriorated. As in all of
the reliability models, it is assumed that maintenancewill continue at the same rate as
Imsoccurred inthepast.

Performance Fussclion

4. The performance function will be the same as described in Reference 1 for
members subjected to fatigue.

FS= ~
Nact

where N is the number of cycles that the member is capable of sustaining and is a
tknction of the effective stress range (Se) and the stress category of the detail being
investigated. Using Reference 1,

“1



Log(N) =A-rnLog(Se)

where A and m are values which cxn-rqond to a particular stress catcgo~. N- is the
number of cycles that the member has resisted to some point in time.

Method of Analysis

5. The gates will be analyzed using a frame analysis program to determine the axial
force and bending moments in the critical tension members and will be used to
establish the stress range of the critical members. Since these trusses resist only
horizontal loads, the stress range for any member will be the stress under maximum
load.

6. Each gate will have its own frame analysis since the trusses themselves are
unique. Originally, these gates were designed as pure trusses and the bending
moments were ignored. The inclusion of the bending moment increases the stresses
at the extreme tension fiber of tension members significantly in some members and
only mmginally in others.

Random Variables

7. Uncertainty exists in both N and N=. For N, there is uncertainty in the stress
range duetouncertainties intbeanalyais. The-eter ~willbe usedto express
uncertainty in various aspecls of the analysis which cannot be modeled well or to
which exact valuea may not be known. For instance, the boundary conditions of the
structural modeJ may be slightIy different than the simply supportedcondition used in
the analysis. Also, not all connections are purely rigid and some eecenh-icities may
exist at comections.

8. Another source of uncertainty is in the computation of N from the source data as
described in Reference 1. For this ~ the pamrnetercm is added to equation 1.
If k, is also added to equation 1 it becomes

Log(N) =A-nrLog( Se.kJ +em

9. The actual number of stress cycles is also uncertain. Stress cycle dah has ordy
been kept since 1987 while lock tonnage data has been recorded almost since the
locks have been in place. Also, Mc projects for the futurEare based on tonnage
rather than cycles or even Iockages. Therefore, a conversion from tonnage to cycles
is needed to determine the actual number of stress cycles in the fiture. To convert
from tomage to stress cycles, the randomvariable ~ is introduced. AS a result,

Na=t=k=.W=

2



where W=is the cumulative tomage to a given point in time.

10. The amount of corrosion affects the stress sange Se. The corrosion rate for bare
steel is established in the WES-JAYCO~ reportand used in the other structural
models. The uncertainty in this corrosion rate is given in the parameter *

JI. Para.rne&!r5

11. Four parameters were treated as randomvariables:

lq - .stms concentration factor
cm - uncertainty in the SN curves
& - load cycle per million ton of tmffic
‘%- Unmty in the Cmrosion *

k %’4 k. cc
L.cck P IY P u F u P u
Lo@@ 1.2 .15 0 .10 394 22 0 099 ~
Lock 19 1.0 10 0 10 165 9.3 0 099

12. several other parameters were treated as constants such as the geome@y, the
stress range, and the fatigue category. /“

Stress Range Fatigue Category First Year in Service
Lockport 14.5 E 1968
Lock 19 15.45 E 1958

IIL Hazard Functions

13. The hazard functions ~ needed for the economic analysis. Normal O&M
(u-itated), ehabiitated, and enhanced maintenance. Under current O&M
pMCtiCea,both of these gates have been weJl maintainedand show ordy slight secdon
10ss. ‘Jlserefose, the normal O&M curve will assume that 95 % of the time, an
effective paint coating is in place. Hence, the splash zone corrosion sate establkhed
in Ref 1 will be multiplied by 0.05. The enhanced maintenance hazard function will
reflect no section loss into the future. The condition of the gate after a rehabilitation
cannot be accurately predicted, but it is assumed that rchabiitation will not fully
restore the gate to a new condition. Rather, it is assumed that in the first year after a
rehabilitation, the gate will have the same probabilityof unsatisfactory performance as
a new gate afta 10 years of seMce. This procedureeffectively shifts the norm O&M
hazard function over scveraJ years.
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Lo&port Imck Hazard Functions

EJlhanced Year from

U.U63UU

0.06918
0.07354
0.07798
0.08247
0.08700
0.09156
0.09614
0.09943
0.10458
0.11000
0.11565
0.12149
0.12800
0.13400
0. 14M10
o. 146M
0.15200
0.15800
0.16400
0.17000
0.17600
0.18200
0.18607
0.19284
0.20000
0.20749
0.21526
0.224W
0.23200
0.24W0
0.248@
0.25600
0.26400
0.27200
0.28000
0.28800
0.29600
0.30400
0.31200
0.32000

o.m
0.06258
0.06535
0.06819
0.07107
0.07400
0.07696
0.07994
0.08400
0.08657
0.08900
0.09134
0.09359
0.09413
0.09688
0.10000
0.10345
0.10719
0.11200
0.11600
0. 120MI
0.12400
0.12800
0.13200
0,13600
0.140M
0.14400
0.14800
0.15200
0.15600
0.16000
0.16400
0.16800
0.17200
0.17600
0.18000
0.18400
0.18800
0.19200
0.19600
0.20000

4

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19.
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Year Normal O&M Maintenance RehabMalion RehabIli@ted
2CKM - -----

2001
2002
2003
2CW
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040

0.00330
0.LW406
0.CK518
0.00651
OJXBOO
0.00960
0.01131
0.01311
0.01473
0.01681 =
0.01900
0.02127
0.02361
0.02543
0.02814
0.03100
0.03400
0.03711
0.04018
0.04355
0.04700
0:05051
0.05407
0.05699
0.06092
0.06500
0.06921
0.07352
0.07798
0.08247
0.08700
0.09156
0.09614
0.09943
0.10458
0.11000
0.11565
0.12149
0.12800
0.13400
0.14000



I.mckportLock Hazard Functions

Enhanced Yew from
Year Normal O&M Maintenance Rehabilitation RehaMitated
2041 0.32800
2042 0.33600
2043 o.342cKl
2044 0.35081
2045 0.36000
20$6 0.36951
2047 0.37930
2048 0.38932
2049 0.39956
2050 0.41(N30

0.20400
0.20800
0.212CK3
0.21600
0.22000
0.22400
0.22800
0.23200
0.23600
0.24M0

41
42
43
44
45
46
47
48
49
50

Lock 19 I-Ia.mdFunctions

Enhanced Year from

0.00623
0.00706
0.00816
0.00948
0.01 1(M
0.01270
0.01455
0.01595
0.01835
0.02100
0.02386
0.02690
0.02900
0.03282
0.03700
0.04149
0.04626
0.04980
0.05566
0.06200
0.06875
0.07585
0.08154

0.00616
0.00690
0.00%31
0.00885
0.o1ooo
0.01124
0.01257
0.01364
0.01526
0.017(XI
0.01884
0.02077
0.02225
0.02454
0.02700
0.02959
0.03230
0.03428
0.03752
0.04100
0.04468
0.04854
0.05166

5

0.14600
0.15200
0.15800
0.16400
0.17000
0.17600
0. 182(X)
0.18800
0.19400
0.20000

Year Normal O&M Maintenance Rehabilitation Rehabilitated
2000 0.00580 0.00570
2001
2002
2(K)3
2004
2005
2006
2W7
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023

0 O.(KK)1O
1 0.0001o
2 0.0001o
3 0.0001o
4 0.0001o
5 0.0001o
6 0.0001o
7 0.0001o
8 0.0001o
9 0.0001o

10 0.0001o
11 0.0001o
12 0.0001o
13 0.0001o
14 O.(MO1O
15 0.00011
16 0.00012
17 0.00015
18 0.00022
19 0.00030
20 0.00039
21 0.00050
22 0.00063
23 0.00069



Lock 19 Hazard Func&ms

Enhanced Year from

0.08999
0.09900
0.10847
0.11835
0.12445
0.13664
o.15m
0.16436
0.17962
0.19401
0.21162
0.23000
0.24902
0.26859
0.28090
0.30445
0.33000
0.35725
0.386Ct2
0.41034
0.44419
0.480(MI
0.51745
0.55632
0.59644
0.63~
0.68000

0.05619
0.06100
0.06604
0.07128
0.07618
0.08199
0.08800
0.09416
0.10046
0.10399
0.11164
0.12000
0.12899
0.13853
0.14797
0.15879
0.17CQ0
0.18152
0.19331
0.20213
0.21568
0.23(K)0
0.244S8
0.26053
0.27658
0.29308
0.31OOO

24

25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Year Normal O&M Maintenance Rehabilitation Rehabilitated
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2(M6
2(M7
2(M8
2049
2050

0.00088
0.00110
0.00136
0.00165
0.00182
0.00223
0.00270
0.00322
0.00380
0.00420 .
0.00496
0;00580
0.00672
0.00770
0.00816
0.00948
0.01100
0.01270
0.01455
0.01595
0.01835
0.02100
0.02386
0.02690
0.03012
0.03349
0.03700
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Iv. Consequenrxs

14. The members of the gate which are beiig investigated sre fmcture eritieal
meaning that a failure of these member emdd cause catastrophicfidlure of the entire
gate. However, the model only predicts crack initiation and not propagation.
Realistically, on% a eraek initiates, it may take numerous cycles before the eraek
seaehes its critical eraek size and finally fails. If lock personnel or pea-io&c
inspection teams noriee the creek before the eraek becomes cnlicsl, repairs can be
scheduled and navigation downtime will not be severe. If the crack is not noticed, it
may progress until the member fails sudderdyre.suldrrgin extended downtime. The
three levels of eonsequencea eorrsidesedare:

A. Imw level of Consequences. CraelLSare found by leek personnel or
periodic irrspeetionteam at an early stage. Leek mustbe shutdown for two
days for4n depth inspection and repair. Conditions probability is S4%.

B. Medurn level of Consequen~. Cracks are found before failure of the
gate but they,axe of a more severe naturemaking it imperative to be repired
immediately. Emergency gates we used for a week resulting in a slow down.
Shutdown during repair and inspection last for a week. Condition probsbiity
is 15%

C. High Level of Consequences. Gate fsils while in use. Complete
replacement of the gate is required. Emergency gatea am.used for six months
during fabrication of new gates. Leek is completely shutdown for 3 weeks to
remove old gate and install the new gate. Conditional Probability is 1%.

Low Level of Consequences (IQ

IMek w N DOWn Repairccsts
2., a~~ (slam)

I..ockport S4 .7dfW o 0 100
Leek 19 .84 7~ F o 0 100

%

[

Medium Level of Consequences (MC)

Leek ( c) av. w~ M NDO slowdown Repair-
T= Lnckagetime paid ($IWO)

Lockport .15 7~~ 20 rob 7 days 500
Lock 19 .15 7days 20 mm 7 days 500

7



I High Level of Consequences (HC)

lack P(HC) Nav.Down h @l of Repaircosts
T- -e * Slowdowm ($1OOO)

Lockport .01 21days 20 min IW days 5,000
Lock 19 .01 21days mlnin 1sodays S,cciu

V. Rehabilitation and Enhanced Maiitersarsce Costs

15. ‘he table below lists casts estimated for rehabilitationand enhance maintenance
of the gates. The exact work needed for the rehabilitationis unknown at this time,
therefore e@neerirsg judgement was used to establish the amount of work needed for
rehabilitation.

Cost Table
Lock Rw “fi~on Costs Enhanced

Maintenance Cost
Lockport $800 WI $50000
Lock 19 $800:000 $50jxx3
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Reliability Analysis for Rotler Gates

I. Model Description

Background

1 Roller gates a@ present at most Lock and Dam sites on the Upper Mississippi
River but are abscmton the Illinois Waterway. Roller gates are generally quite large
in comparison to the tainter gates at the same site. Ty@ally, roller gates will have a
span of around 100 feet and have 20 or more feet of head at the upstream side. See
the table on the following page for a list of roller gates on the Mississ@pi Riva locks
nd darns. Because of their size, if a roller gate eatmtmphieally were to fail, pool
could edy be bst.

2. A roller gate ia essentially a large tube with either one or two “aprons” a&ached.
The tube consisting of skin plate is the main structuralelement in the gate. The gate
is raised or lowered by rolling it Up or dowman inclined surface.on piers at each end
of the gate. It is rolled by a single chain located at one of its ends (driven end).
Externally, the gate is statically determinant. Hence, moments, torque-s,and shears
on sections tmnsverse to the drum can be readily determined. At regular spacing
within the drum and apxun, there is internal framing. This fmming bmces the drum
and aprons and allows the dmm to aet as a large beam subjected to b- moments
and tomion. While the stresses in the drum ean be readily detemdned, the load in the
internal framing ia highly indeterminantand difthdt to analyze. The roller gate
model will comprise of two models, a drum model and an internal framing model.

Drum Model

General

3. Roller gates act as large beams simply suppmted by the piers at eaeh end. The
piers psevent translation both vertically and horizontally at the point of contact but do
not resist rotation. A chain is provided at one end of the gate to raise and lower the
gate which also acts to ~ rotation of the drum. Beeause the chain only supports
tie~~on emd,tie ~~mtimtio nmwdmhhdmg. Thedrum
model considers nonsym@ic bending of the gate eombmed with torsion. For
flexural, section properties are computed including aprons and longitudd channels.
TorsiorIproperties only include the drum of the gate since Iongitudmal channels and
lower aprons are open sections and add very little torsional stiftkss.

1



Roller Gate Data

Number Design Gate Gate Drum
Dans of Gates Head Length Height Diame&

3. 4 8.0 80 20 14’-11”

4 6 7.0 60 20 14’-11”

5 6 9.0 60 20 14’-11”

5A 5 5.5 84) 20 14’-11”

6 5 6.5 80 20 14’-11”

7 5 8.0 80 20 143-119

8 5 11.0 80 20 14’-11”

9 5 9.0 80 20 14’-11”

10 4 8.0 80 20 149-8=

11 3 11.0 lQO 20 12.91’

12 3 9.0 lal 20 12.91’

1

13 3 11.0 100 20 12.91’

14 4 11.0 lti 20 12.91’

15 11 16.0 100 23.75 19.4’

16 4 9.0 80 20 14’.8s

17 3 8.0 100 20 12’-11”

18 3 9.8 100 20 12.91’

m 3 10.0 60 20 14’-8”

21 3 10.5 100 25 12.91’

22 3 10.2 100 25 15’-11=

25 3 15.0 100 25 17’-11“

Loads

4. Chdy hydraulic loads wese considered. Since the upper pool is relatively constant,
ordy the tailwater elevation is the only load parameter which was treated as a random
variable. The maximum bad against the gate occurs when the tailwater is a
minimum. The annual minimum taihvater readiig is used in the analysis.
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5. Because the gate is comprised of a drum and one or two circular arcs, the,
computation of the forces acting on the gate are more involved than for simpler gates.
It should be noted the 10MIson the aprurssprcduce a torque on the gate. To
determine the net torque acting on a section, it can be assumed that the bad fmm
either apron w-illpass through the center of the arc of the apron.

6. Fatigue was riotconsidered in the analysis because the gates see relatively few
Ioadmg cycles. While the settings on the gate change frequently, the amount of
change is usuafly very small.

7. The model simulates the effects of corrosion. It first calculates the amount of
section loss and its location and then mcafculates the secdon properties to account for
10SSof seetion. The model uses the corrosion rateand procedure established in
Reference (Fatigue and Corrosion). In general, the corrosion in the splash zone (the
area near the water fine) will suffer the most corrosion loss. While there will be
some loss in areas that are constantly submerged or constantly above water, the
rW@Ude Of the corrosion in these areas wilf be much less than in the splash zone.
For this reason, atmospheric and submerged corrosion can be ignord.

8. Splash zone corrosion occurs on both the upstreamand downstream side of the
gate. At the upstream aide, apfashzone coxrosion only affects the top apron for a
double apron gate. For the upstream side of a single apron gate, the corrosion will be
near the top of the drum. For apfaahzone corrosion on the downstream side, both
types of gates are affczled in the same way. The mrosion will occur in several
places

S* Computation

9. l%e model mea the general flexure equation to compute stresses as given in
equation 1 below. ‘Ihe section properties computedare the area (A), center of gravity
(cgx and cQ, moment of inertia about both X and Y axis (IZand ~) and the product
of inertia (Q. While A, cgX,and cgYare not used dtiy in the general flexure
equation, they are needed to compute L, J , and Iw

(1)

10. To tind the point of maximum stress,the orientationof the neutd axis must be
determined. To determine this the following equation was used:
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where k is the angle measured from the x-axis to the neutralaxis. Given the angle of
inclination of the neutral axis the point of maximum and minimum bending stress can
be easify determined. This point wilf lie on the drum on a line drawn through the
center of the dru”mand perpendicular to the neutmf axis. The values of ix, Iy, and
Ixy refkt amount of corrosion on the drums and aprons.

Limit statPs

11. Two limit states were considered capacity of the tension t%ce,and capacity of
the compressive face. The capacity of the tension face is not affected by stabiity
and is a function of the yield stress and applied stress. Because tbe tension face is
generally tier away fhm the neutralaxis than the compression face (due to
location of the aprons), it will develop higher flexmal stresses. In addition to the
flexural stresses, torsional shear stmmes are present. The torsional stresses are
combmed with flexural stresses using a Mohr circle analysis.

12. The capacity of the compression is affected by stabiity which means the critical
compressive stress is reduced as the compressive face cmrodes and looses section.
F@ a critical compressive stress is computed based on the thickness and yield
strength of the plate. if this value is less than the yield strength, it will governs when
computing the factor of safety of the compression face. Similar to the tension face,
shear streses due to torsion are cambmed with the flexrrrafstresses using a Mohr
circle approach.

Random Variables

13. Four variables were chosem to be treated as randomvariables. They include
tailwater elevation, splash zone corrosion rate, size of splash zone, and yield strength.
These variables are used in a Taylor Saks approach to establish a distribution of the
factor of safety.

S&sh zone corrosion ratQ- The splash zone corrosion mte is described in the
WES report on Fatigue and Corrosion. It reflects the conwsion rate of bare steel in a
riverine emironment.

Exoosure Rate - Since the tailwater elevation varies, the location of the splash
zone varies from day to day and no particular spot is always in the splash zone.
Hence, the splash zone corrosion mtc suggested in the report was reduced to refkt
the acturdpercent of time that a spot is in the splash zone.



Srdash ume siz - The size of the splash mne varies substantially due to wave
size and turbulence from passing water. Also, the splash zone is dfierent (smaller)
inside the drum.

Ylel~ - The steel used to cxmstructthese gates is A7. The mean yield
stxe.ngthwas takenas 33 ksi with a coefficient of variation (COV) of 10%. The COV
used is similar to that used in the Fatigue and Corrosion Report.

Taifwater Efevation - Since the yearly maximumload occurs when the
taifwater is a minimum, the yearly minimum tailwater etevation (both mean and
standard deviation) were derived from Iristoricafdata. The daily tailwater readings
were not used because it was felt that their use would lead to erroneous results. 0ss a
daily basis, the tailwater elevadon can vary dramatically. However, there is a very
teal lower limit on the tailwater elevation (upper limit on applied head). Baskally,
the tailwater ti not t%llbelow the pool elevation of the next downstream dam which
is @t at a co-t level. In other words, while there maybe a lot of uncertainty
about how high the tailwater can rise, there is very little uncertainty about how low
the tailwater can fall.

constants

14, AJl geometric parameters were treated as constants. This includes initial
thicknas, length of gate, radus and lccation of aprons and drum. Other constants
include the life of a paint system, and frequency of painting in the future.

/
Lfst of Random Variables

Splash Zone Corrosion Rate Variability (e)
Splash Zone Size (lc)
Yield stress (Fy)
Exposure (Kp)
TaiiwateTElevation (tail)

Lfat of Coostants

Basic Geometry (drum radks and thiclmess, location of aprons, etc)
Corrosion parameters A= 148.5 B= 0.903
Lifeofa Lead based paint system: 10yrs
Life of a Viiyl paint System: 20 yrs
Pool Efevation

Computation of -Ion Properties for the Drum Model

15. Because of the geometry of the rofler gates, the computation of the section
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P-m is not as simple as picking a value out of a table. X22fact, computation of
the section properties are the most difficult task required by the drum model. The
gates are comprised of a circular drum and several aprons which consists of circular
arcs. Also, the majority of corrosion cccurs in the splash zone which covers onty a
small portion of the gate. To mmpute the values needed in the geneml flexurc
equation, the center of gravity must tirst be computed (cg, and cgY).

For circular arcs,

A=rta

where r is the radius of the arc and a is the angle subtendedby the arc.
>C

a=p.fJ

To determine Ax and Ay,

Ax=$~(xO+rsin~)7d$

Ax=rt@O.a-r(coaf) -coat))]

where yOand ~ are the x and y coordinates of the center of the arc respectively.
These values are computed for the top apron, bottom apmm, and the drum ss well as
the negative contributions made by corrosion.

16. lle moments of inerda and product of inertia of the roller gab can be
determined once the center of gmvity of the gate is found. To determine these
values, their definition must be employed.

Ix=$y2.M IY=&M zw=@4

For arcs, it is cxxwcnient to let

&i =1*74$

The values of “x” and “y” are the distances to the center of gravity and for a
particular component can be given by:
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X=x.-Cgx+n-in($

Y=YO-%-Y+-4

For convenience, let

a==xe-cg= ay=yo-cgy

Hence,

Z,=/~(a=+rain+) %t7i@
P sin(2p)-ain(2e))1

I,=r-tfa~-a -h=-r<cms~ -coW3)+--(a -
2

Jv=f~(a=+*40(ay+d) r-td$

Zq=rtfa=uy.a-ay7<eos$ -cosf3)+ax7<ais@ -aint))+~(sid~ -sin%]

17. Once the moments of inertia about the centroid of the gate for each section is
determined, they are added up to give the value for the entire section. At this point,
the general flexure equation can be employed to determine the flexural stresses.

Internal Framing Model

General

18. The internal fmming consists of beams and diagonals which brace the drum and
aUow it the act as a section. It appears that most of the hydraulic load imposed
against the gate is carried by the arching action of the skin plate and is not directly
resisted by the internal framing. Because it is btig, it is difficult to determine the
exact load carried by the dlffererstelements of the framing. RoUer gates have beers
rehabilitated at seveml sites in the Rock Island District. Generally, the rehab:lhation
involves replacement of internal framing members due to excessive corrosion. But
despite the corrosion levels, there have not been cases of unsatisfactory performance
involving any of the internal framing members or the skin plate.
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19. Generally, there is a lot of uncmta.intyin the she-ss levels of all the internal
framing. During tbe 19304, strain gages were irs.stafledon the rolle? gates at UD 15
to measure the stress levels in the internalfmmirsg. The results varied greatly
between fmmes. The difficulty in the arrafysislies in the geometry of the roller gate.
The internal framing bansfcrs part of the lead from one location on the skin plate to
another spot on the skin plate. This makesa frame analysis difficult because not only
is it uncertain how much of the load is tmnsfer by the internaffmrning but it is also
unclear what tfse 6mmJary conditions would be. Also, the framing is highly
redundrmtmaking the loss of a single d]agonafrelatively inconsequential.

20. The original design of the internal frsming was very simplistic. Generally, the
beams are treated as simply supportedbeams which carry half of the hydraulic load
that the skin plate is subjected to. The diagonals then act as compression members to
support the beans elemeats.

21. In most cases, the intemaf framing will govern over the drum as the probable
cause of unsatist%ctoryperformance bezause of the thickness of the elements. llre
d~onals and beams are typically made of 3/8 in thick steel whereas the drum is
constmcted of 5/8 or 3/4 in steel. Therefore, for the sane amount of corrosion loss,
the intemaf framing wilf lose a greater percentageof its shength.

Element Selection

22. Between the beams and diagonals, the M&r is the more critical. The beams
_ ~ & czmsiderably Ovdedgd. This is eapmidly true on the double apron
gates where the beams are especidy deep.

23. The internal frame model will focus on the diagonals. The analysis of these
members was done using fmrne analysis progmnrSTAAD III. As mentioned above,
the exact load carried by the diagonals is not easily determined. To accurately
determine the load in the framing members, a large finite element model would have
to be developed which would be beyond the scope of this study.

24. The original analysis considers the segmentafgirders as simply supported beams
which are supported by the diagonals in compmasion. This approach wilf be continued
for this analysis except that a value of 30% of the load wifl be resisted by the
members instead of the 50% assumed in the original design. The 30% value is the
result of analysis of a curve plate supportedat its ends givess the basic dimensions of
the drum.

8



Random Variables

25. The mndom variables used in the analysis am

Yield Stmgth (Fy)
Analysis Uncertainty (l@ - Accounts for uncertaintyin the anatysis
Axial Lead (P) from a frame analysis
Exposure Factor (l@ - Adjusts the comosion rate based on the amount of time
the steel is unpainted.

26. Items that were cmsidered to be a constant in the analyis are the angle size and
geometry of diagonals and the corrosion parameters (as for the drum model)

II. Sii Selection

27. The modeJ will not be implemented at each site since there are only a few
dfieremt configurations of roller gate-sin the system. Also the heads are very similar
among gates of the same configuration. Reliability of the drum will only govern at
two sites, Dam 20 and Dam 25, which have 3/8 inch thick skin plates. The other
sites have substantially thicker skin plate which givm them a higher initial I%ctorof
safety and makeathem mom tolerant of section loss due to corrosion. The following
table shows the sites at which the model will be implemented and the site which will
assumed to have the same hazard functions.

Site for Implementation Model Other Similar sites
7 D“ d 345 6 89 10
11 snal ‘“:’12, 1;, 14, 17 18, 21
15 D~onsl 16,22
20 Drum

I u I urum I I
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m Important Pammek3

Drum Model
Random Varisbles

~-

More Random Variables

~

Some Constants
Site Gate Spsn Drum skinPlate Pool Elev.

Radius Thickness
20 Iw fi 7.38 fi 375 7
25 100 ft 9.0 ft :375 9

,.

Internal Framing
Random Variables

Fy b P

Site P u
3456,,, , :3 3:3 .4 .: 11:(M
7,8,9,10

111213 ,14, 33 3.3 .4 .1
i7,i8,21

11.82 2

15,16,22 33 3.3 .4 .1 10.5 2
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More Randons Variables

E ks

Site P P a
3456,,, , 0 .(& .3 .1

.7,8,9,10
11,12,13,14 0 .099 .3 .1

17,18,21
151622>, 0 099 3 1

IV. Hazard Fundions

28. Thee hazard funcfions are needed for the eamomic analysis. Normal O&M
(unrelmbilitated), rehabilitated, and enhanced maintenance. Und6r current O&M
prac$iees, tlse roller gates have been well maisstied and show only slight section
loss. Therefore, the normal O&M curve will assume that for 95% of the time an
effective paint coating is in place. The splash zone corrosion mte established in the
WES-JAYCOR report on fatigue and corrosion of hydraulic steel structuma was
multiplied by 0.05 to determine the actual section loss due to corrosion. The
enhanced maintenance hazard function will reflect no section loss into the future. It is
difficult to aauately aeeess the condition of the gate at?era rehabilitation but it is
assumed that rehabilitation will not folly restore the gate to a new condition. Rather,
itwaaassumed thatinthe fimtyearsftera rehabiitation, thegatewili havethe same
probability of onsadsfactory performance as a - gate after 10 years of serviee.

29. Hazard functions are shown on the following tables. The numbers listed are for
one roller gate ordy and must be multiplied by the numberof gates per site listed in
the table on page 2 to compute the probability of unsatisfactory performance of any
one gate at a site in a given year.

30. The hazard func$ion for the gate after an unsatisfactoryperformance would
_ on the type of repair that was needed. For an unsatist%ctoryperformance for
the roller gate, the hazard function after repair can be assumed to be equal to the

rehabilitatedde for the gate that is repaid.
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Hazard Functions - Locks 3, 4, 5, 6, 7,8, 9, and 10

Enhanced Year from
Year Normal O&M Maintenance Rehabilitation Rehabilitated
2000
2001
2002
2003
2004
2005
2006
2007
2008
2(X)9
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039

0.0001o
O.QOOIO
0.0001o
O.mlo
0.0001o
0.0001o
0. OOO1O
0.0001o
0.0001o
OSXXMO
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.00010
0.0001o
O.cx)olo
0.0001o
0.0001o
O.OM1O
0.0001o
0.00011
0SXI013
0.00019
0.00032
04M052
o.mlo7
0.002CK3
o.m341
0AX1541
0.00657
0.01058
0.01600
0.02288
0.03128
0.03782
0.05081

0.0001
O.ml
O.0001
0.0001
0.0001
0.0001
0.0001
O.ml
O.0001
O.ml
O.0001
O.O(K)l
O.OCD1
O.0001
O.ml
O.0001
O.ml
O.ml
O.ml
O.0001
0.0001
O.Mull
O.0001
0.0001
O.ocm)l
O.ml
O.0001
0.0001
0.0001
0.0001
O.ml
O.0001
O.ml
O.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
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0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
2s
26
27
28
29
30
31
32
33
34
35
36
37
38
39

O.omlo
0.0001o
O.OIM1O
O.OCO1O
O.ofxllo
0.0001o
0.0001o
0.0001o
O.mlo ,
0.0001o
O.QOO1O
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
O.mlo
OJXKUO
O.OWIIO
0.0001o
0.0001o
O.CQOIO
0.0001o
0.0001o
O.OCK31O
0.0001o
o.oi-K)lo
0.0001o -
0.0001o
0.0001o
0.0001o
O.mlo
0.0001o
0.0001o
O.OQO1O
O.ouolo
0.0001o
0.00011



Hazard Functiom -Liuka3,4,5,6,7, 8,9, and10

Enhanced Year from
Year Normal O&M Maintenance Rehabtitation RehaliM.ated
2040 0.06600 O.MIO1 40 0.00013
2041 0.08322 0.0001 41 0.00019
2042 0.10232 O.WO1 42 0.00032
2043 0.12147 O.ml 43 0.0D052
2044 0.14503 0.0001 44 0.00107
2045 0.17000 0.0001 45 0.00200
2046 0.1%15 O.0001 46
2047

0.00341
0.22333 0.0001 47 0.00541

2048 0.25142 0.0001 48 0.00810
2049 0.28034 0.0001 49 0.01160 _
2050 0.31OOO 0.0001 50 0.01600

Hazud Fimclions - Locks 11,12,13,14,17,18, and 21

Enhanced Year from
Year Normal O&M Maintenance Rehabilitation Rehabilitated
2000
ml
2(M2
2CN)3
2004
2005
2W
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024

O.mlo
O.CKX31O
0.W3010
0.0001o
0.0001o
O.mlo
OJMO1O
0.0001o
0.0001o
O.mlo
0.0001o
0.0001o
OJMO1O
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.00011
0.00012
0.00017
0.01M28
0.00049
0.00069
0.00138

0.0001
0.0001
O.WIO1
O.ml
O.0001
O.WO1
O.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

0.0001o
0.0001o
0.0001o
O.OCNI1O
0.0001o
0.0001o
O.mlo
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
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Hazard Functioos - Locks 11,12,13,14,17,18, and 21

Enhanced Year from
Year Normal O&M Maintenance RehaMitation Rehabfitated
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

0.00250
0.00415
0.00643
0.00811
0.01245
0.01800
0.02477
0.03276
0.03915
0.05076
0.06400
0.07870
0.09474
0.10918
0.12892
0.15000
0.17221
0.19542
0.21788
0.24356
0.27000
0.29706
0.32466
0.35271
0.38117
0.41OOO

O.ml
O.0001
O.OCQ1
O.(MO1
O.ml
O.ml
O.0001
0.0001
0.0001
0.0001
O.ml
O.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
O.ml
O.0001
0.0001
0.0001
O.ml
O.ml
O.OWII
O.0001

25
26
27
28
29 “’”
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

0.0001o
o.cKlolo
O.OOO1O
O.mlo
O.(KW1O
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o -
0.0001o
O.oa)lo
o. bOOlo
O.wll
0.00012
0.00017
0.00028
0.00049
o.m
0.00138
0.00250
0.00415
0.00643
0.00943
0.01326
0.01800
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Hazard ihlIIdiOtlS- Lacks 15, 16, and 22

Enhanced Year from
Year Normal O&M Maintenance Rehabfita!ion RehabMated
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039

0.0001o
O.CKK)1O
0.60010
0.0001o
O.OW1O
0.0001o
0.0001o
0.0001o
0.0001o
O.mlo
0.0001o
0.0001o
OJMO1O
0.0001o
0.0001o
O.mlo
0.0001o
O.mlo
O.mlo
OJXIO1O
O.mlo
O.OMJ1O
0.0001o
0.00041
0AXM85
0.00160
0.00274
0.00436
0.00547
0.00871
0.01300
0.01837
0.02483
0.02959
0.03946
0.05100
0.06408
0.07859
0.09099
0.10968

0.0001
O.WOI
O.0001
0.0001
O.WO1
O.0001
0.0001
O.WJO1
O.ml
O.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
O.ml
O.0001
O.(KK31
O.0001
0.0001
0.0001
0.0CM31
O.ml
O.0001
O.ml
O.0001
O.ml
O.0001
0.0001
O.ml
O.0001
0.0001
0.0001
0.0001
0.0001
0.0001
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0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

.25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
O.mlo
O.mlo
OSXKHO
O.(molo
O.OMHO
O.@llo
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
O.mlo
0.0001o
0.0001o
0.0001o
0.0001o
O.mlo
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
O.OWNO
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o



Hazard ~nCtiOILS- Imck.s 15, 16, and 22

Enhanced Y&wfrom
Year Normal O&M Maintenance Rehabilitation Rehab ilitated
2040 0.130CKI O.o(ml 40 0.0001o
2041 0.15173 0.0001 41 O.mlo
2042 0.17471 Owl 42 0.0001o
2043 0.19987 0.0001 43 0.00041
2044 0.22475 0.0001 44 0.00085
2045 0.25000 O.OCKI1 45 o.m160
2046 0.27555 O.ml 46
2047

0.00274
0.30136 0.0001 47 0. C0436

2048 0.32739 0.0001 48 0.00655
2049 0.35361 0.0001 49 0.00940
2050 o.3m O.IXX)l 50 0.01300

Hazard Functions - Lock 20

Enhanced Year from
Year Normal O&M Maintenance Rehabilitation Rehabilitated
2CKKI
2001
2002
2003
2004
2005

2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024

O.mlo
O.o(x)lo
O.mlo
0.0001o
0.0001o
O.W3O1O
0.0001o
O.O(KI1O
0.0001o
0.0001o
0.0001o
0.0001o
O.mlo
O.mlo
O.O(M)IO
O.OUUO
0.0001o
0.0001o
0.0001o
0.00011
0.00013
o.oW121
0.00045
0.00082
0.00215

0.0001
0.0001
O.(KWI
O.ml
O.0001
O.ml
O.0001
0.0001
O.OCKN
O.0001
0.0001
O.MIO1
O.ml
O.0001
0.0001
0.0001
O.OCQ1
O.ml
O.0001
0.0001
0.0001
O.ml
O.OM)l
O.ml
O.0001
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0 0. OOO1O
1 0.0001o
2 0.0001o
3 O.mlo

.4 O.OQO1O
5 0.0001o
6 0.0001o
7 O.mlo
8 0.0001o
9 0.0001o

10 O.OLXMO
11 0.0001o
12 0.0001o
13 0.0001o
14 0.0001o
15 0.0001o
16 0.0001o
17 0.0001o
18 0.0001o
19 O.WXNO
20 0.0001o
21 0.0001o
22 O.mlo
23 O.ouolo
24 0.0001o



Hazard Functions - Lack 20

EnhanePd Year from
Year Normal O& M Maintemnee RehabWation RehabWated
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

0.00480
0.00938
0.01663
0.02779
0.04359
0.063CQ
0.08587
0.11209
0.14843
0.17897
o.21m
0.24142
0.27317
0.32187
0.34685
0.37000
0.39179
0.412S2
0.44804
0.45973
o.47cn30
0.47925
0.48774
0.49563
0.50302
0.51OOO

0.0001 25
O.ml 26
O.ml 27
0.0001 28
O.ml 29
O.ml 30
0.0001 31
0.0001 32
0.0001 33
O.O(K)l 34
0.0001 35
O.(XM1 36
0.0001 37
O.OCKM 38
0.0001 39
0.0001 40
0.0001 41
0.0001 42
O.ml 43
0.0001 44
0.0001 45
0.0001 46
0.0001 47
O.OM)l 48
0.0001 49
0.0001 50

0.0001o
0.0001o
O.OW1O
0.0001o
OAKIO1O
0.0001o
0.0001o
OJNO1O
O.OW1O
0.0001o ,
0.0001o
O.QOO1O
O.OMNO
0.0001o
O.mll
0.00013
O.ml
0.00045
0.00082
0.00215
0.00480
0.00938
0.01663
0.02735
0.04248
0.06300
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Hazard Fuoctions - Lmck 25

Enhanced Year from
Year Normal O&M Maintenance Rehabilitation Rdabilita!ed
2000
2001
2(X12
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040

0.0001o
0.0001o
O.floolo
O.00011
0. M)O17
o.ofx133
0.00073
0.00160
0.00185
0.00489
0.01100
0.02170
0.03878
0.07869
0.11251
0.15000
0.19070
0.23428
0.29260
0.33665
0.38(KM)
0.42279
0.46513
0.51564
0.55350
0.59000
0.62545
0.66006
0.71794
0.74015
0.76000
0.77815
0.79500
0.81034
0.82534
0.84000
0.85438
0.86855
0.88200
0.89600
0.91OOO

0.0001
O.(KIO1
O.ml
O.ml
O.OMN
O.0001
0.0001
0.0001
0.0001
0.0001
O.ml
O.0001
0.0001
0.0001
O.ml
O.0001
0.0001
O.ml
O.ml
OJMO1
O.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
O.ml
O.0001
0.0001
O.oa)l
O.ml
O.0001
O.ml
O.0001
0.0001
O.(KNM
O.ml
O.0001
0.0001
0.0001
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0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

O.OMUO
O.OW1O
0.0001o
0.0001o
0.0001o
O.mlo
O.O(K)1O
0.0001o
0.0001o
O.(B31O ;
0.0001o
0.0001o
0.0001o “
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
OJMO1O
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.0001o
0.00011
().00017 :
0.00033 -
o.m
0.00160
0.00185
0.00489
O.ollw
0.02170
0.03878
0.07869
0.11251
0.15000



Hazwd FlnldiOK+-hdt 25

Enhanced Year from
Year Normal O&M Maintemmce Rehabilitation Rehabilitated
2041 0.92400 O.ml 41 0.19070
2042
2043
2044
2045
2046
2047
2048
2049
2050

0.93800
0.97344
0.97705
0.98000
0.98250
0.98469
0.98663
0.98839
0.99000

0.0001
0.0001
O.ml
O.0001
0.0001
O.ml
O.0001
0.0001
O.ml

42
43
44
45
46
47
48
49
50

0.23428
0.29260
0.33665
0.38000
0.42279
0.46513
0.50707
0.54868
0.59000 ‘i

v. Consequences

31. No data exists on the consequences of unsatisfactmy performance of roller gates
on the Upper Mississippi River. While there have been internal framing members
found which were extremely corroded, in no instamx has there been any dowotime to
navigation. The consequemxs of failure are more severe if the drum fitils rather than
the internal framing. If the drum fails, there is a greater chance of losing the gate
and the navigation pool. On the other hand, the consequences v@ probably be quite
low if a diagonal fails since the internal fmming is quite redundant.

Table of Consequences

3
fmwh

Consequa
av.

lime
,,, ,.

,8,9,10
11,12,13.9 0

d+
,14,17,
18,21

1 ,16,22 .9 0
20 .9 2

.9 2

,elof MediumLevelof
=V) Comequmces(MC)

Repair P(MC) N Repair
G costscosts
l-ii

2

m
$50,000 .09 2 S200,00c
-32CQ,000.09 7 $300,00c
SZoo,m .09 7 $s03,m

m3
-m-

.01

.01

.01

.01

‘Iii I-,
7

l-’+
,,

I
7 $l,CWOW

#

7 1,000,000
14 3,Lxmoo

14 3,wo,om
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VI. Costs of Reisab*tion and EmhrmcedMaintenance

32. For tie gates wbieh are governed by tbe internalframe model,the cost of
rehabilitation will be based on recent rehabilitationof roller ~ates in the Rock Iskmd
Dk.tri@ For tbe gates governed by tbe drum model (20, 25;, no data exists on
replacing large pieces of skin plate on tbe drum. Hence those values are based on
engineering judgement-

Cost Table
Number of Rehabtitation Entranced
Roller Catea costs ($) Mairstenanee

costs ($/J’r)
3, 4,5 6 600,000 50,000
6,7, & 9 5 mo,m 42,000-
10,14 4 400,0MJ 33,000
11,12.13,14,17,18,21 3 350,002 ‘;,25,000
15 11 l,SOO,OOO 150.oQo
16,22 4 4Xl,m 33,000
20, 25 3 2,000,m 40,000

20
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Reliabtiy Analysis for Tainter Gates

I. Model Description

1. The reliability model for tainter gates was been developed using methods outlined
in the nqmrt written by WES and JAYCOR titled “Reliability Analysis of Hydrardic
Steel .%uctures with Fatigue and Corrosion Degradation”, March 1, 1994; by lTL-
95-3 written by Bruce R. EUirrgwoodtitled,=En@neeringReliability and Risk AMdySiS
for Water Resources Investment Role of Stmctuml Degmdadon in Tiwnellepmdent
Rcliabiity Analysis”; and from “Probabiic StructuralMechanics Handbook” by C.
Sundararajan.

2. Tainter gates are steel structures mmposed of many members. For a-given gate
and laading, several members unrld be critical to the reliability of the gate.
Unsatisfactcq performance of the different critical members may have different
consequemm for the gate mnging from a simple repair of a bent member to complete
loss of the gate and potential loss of the pool. Therefore, a complete stmctural
analysis must be performed on the taintergate so that the critical members, critical
loads, and the limit state of the members can be identified and the member
reliabilities mmputed. The overall reliability of the gate is determined from the
reliability of the critical membaa.

3. The tainter gate reliability models were develcq%dusing conventional 2-
dimensionrdmodeling techniques such as those outlined in EM 11102-2702, “DesigTI
of SpilIway Tainter Gates” or as described in design data on the original construction
drawbrgs. Models were developed for four diffment taintergate types found on the
Upper Mississippi River kxk system.

4. For initial computation of reliability, the Taylor sexies method described in the
WES JAYCOR n?portwas used and the distribution for rnasimumyearly loading was
included as a random variable. For the final computation of reliability, a method was
used where the probability of load exceedeaee curve was combmed with a fragility
curve for the structure to compute the probability of unsatisfactory performance. ‘flIe
~ty of a structure is its probability of unsaWactog’ performance under a gives
loading. To compute the fragility curve, the loading was considered a constant and
the Taylor series method was used to compute probability of unsatisfactory
performance due to a number of different loads.

5. The table on the following page lists general data for the tainter gates at each lock
and dam site that has titer gates.

1



Tainter Gate Data

Number Des@ Gate Gate Gate
Dam ofGates Head Height Width Radius

2 20 12.2 20 30 1 28

4 22 7.0 15 35 25

5 28 9.0 15 35 25

5A 5 5.5 15 35 25

6 10 6.5 15 35 25

[
7 11 8.0 15 35 2s

8 10 11.0 15 35 25

9 8 9.0 1s 35 25

10 8 8.0 20 h 32

11 13 11.0 20 60 30

12 7 9.0 20 64.17 30

13 10 11.0 20 64.17 30

14 13 11.0 20 60 27.5

15 0 16.0

1
16 15 9.0 .m 40 30

17 8 8.0 m 64.17 325

18 14 9.8 20 60 30

19 0 36.2

20 40 10.0 m 40 30

21 10 10.5 m 64.17 32.5

22 10 10.2 25 60 40

24 15 15.0 25 w 33

25 14 15.0 25 30 40

26

StarvedRock 10 17.0 17 60 38

Marsdks 8 13.3 15 59 2s

Drcs&uIsland 9 14.0 14 W 2s

BrandonRoad 21 2.3 2.6 50 6

2



Deftion of Unsatisfactory Performance

6. A titer gate is comprised of many compmsents,any one of whicls could reach its
limit state and cause unsadsfactory performanceof the gate. The apeeted resolts of
each member type exceeding its limits state are as described in the following

~hs.

7. For the skin plate on most gate types, there do not seem to be
performance modes which would affect the overall integrity of
plate serves to contain water behind the gate and transfer loads to
designed as a 24 plate, but may actually act as a 34 plate or
Because there is conservadsm in the deaigssmethod used for it and
performance doea not impact the overall structuralcapacity of the gate, the skin plate
was not cmaidered a critical member for the reliability analysis except h- the cases
where it acted as a compasent of the main structuralmembers.

.=;
8. Ribs carry load horn the skin plate to the main girder-strut frames and the limit
state is bending. Since there are many ribs parallel to each other, for there to be a
significant problem with the gate, several ribs would have to reach their limit state at
the same time. Yielding of just one rib would h-ansf~ load through the skin pIate to
adjacent ribs and would not ~ult in compl&e collapse of the gate. This cmrdition
would be noticeable and the gate could be bullheaded and repaired with no impacts
on navigation.

9. Horizontal girders take lead from the ribs to the strut arms. Unsatisfactory
performance would be when the girder reacbeaits limit state due to beading or shear.
When a girder reached its limit state, it could result in complete collapse of the gate,
-y for titer ga~ with just two girder-strutfram~, but there would be some
load redkribution between load frarneaand from the girders into tie stmstarms.
Unsatisfactory performance of the girdess could sestdt in complete loss of the gate or
the gate may jam in place aod still be effective to dam water.

10. Strut arms take load from the girders to the trmmion and act as beam-cdunms.
Unsatisfactory performance would rewdt when the strut arm reach their limit states of
yielding or buckling, depending on the combtion of forces that act on them.
Unsatisfactory performance in a strutarm could result in cdapse of the gate but like
the girders, there is some load rediibution between frames and from the strut amss
into the girders.

11. Unsatisfactory performance for a trunnion pin would result when it reached its
limit state for shear or, depding on the layout of the trumsion,bending.
Unsatisfactory performance of a trmmionpin would result in loss of the gate since
there is no redundancy in this member. Impactswould be the same as for the
girders. Because of the large amount of consewatism in the design of trunnion pins,
and the lack of corrosion in the greased trunnionwhich would lead to decreased

3



reliability with time, reliabilityfor the trmmionpin wasn’t cOmputed.

12. The gate anchomge transfers the gate loads to the concrcle. piers. These
members are emW in the cxmcretepiersand because there is no corrosion or
fatigue mecbsnisms which could lead to decline in reliability of the anchors Withtime,
rdiabiity for these members was not computed.

I
Load Cases

13. Although there am rmurydtfferent load conditions that a tainter gate can
experience, two or three cases representing the masimum expected loadings were
evaluated for each site for which a reliability analysis was conducted. The basic load
cases rmrdyzxi were as follow

A. Headwater and tailwater which create the maximum force on the gate in a
year. Gate resting on sill. (lIds case was not applicable for submergible
gates).

B. Headwatcr and tailwater which create the maximum force on the gate in a
year. Gate Lx5mglifted by chains with chain pull even on both sides of the
gate.

C. Ice load on gate. Gate resting on sill for non-submergible gates and
s-by cti for submergible gates.

/

Random Variablea

14. Random variables are used to compute reliability by the Taylor series method
described in the WES-JAYCOR report. The following random vmiables are used in
the reliability models and mostly come fmm the WES - JAYCOR report. Fatigue is
not a ctmcenr for tainter gates.

15. a rrosion Rate. The random variable for corrosion is c=and the amount of
corrosion, C, is defined by the equatiorx

log C=log A+ Blogt+ c..

For C in millimeters the vsriablea for the corrosion equation for different cmditiorra
am

Splash zone corrosion, A= 148.5; B= O.903; c. avg=O with std. dev. = 0.099
Atmospheric corrosion, A= 23.4; B= O.65Q q avg=O with std. dev. = 0.219
Submerged corrosion , A= 51.6; B= O.65~ q avg=O with std. dev. = 0.174
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For the reliabdity analysis, the gates were assumed to corrode at times wheo the paint
is no longer effective. The original paint wss assumed to be effezdve until 1948 and
for 15 years after each subsequent painting.

16. Steel Yield Streneth. The mndom variable is defied by L.RFDresearch as
followx

Tension. Mean = 1.05 Fy, Std. Dev. = 0.11
Bending. Mean = 1.08 Fy, Std. Dev. = 0.14
Shear. Mean = 1.10 Fy, Std. ~V. = 0.15

17. ~ Loads on the tainter gates are created by ice and water forces and vary
by site. Random variables are used for uncertaintyin the elevation of the water and
the magnitude of the ice load. The critical loading for a titer gate is the maximum
water or iee load it would see in a gives time period. Smee the @iabiity is
computed on an annual basis, mean and standarddeviation for loading is the eritieal
loading on the gate during a given y-. Water elevations at eaeh site were
determined from existing RCOrdSof pool and tailwater data. In most eases the pool
was assumed to h a wnstant elevation.

18. For the initial computations of rehbiity, random variables for iee loadings were
estimated using two metheds. For titer gatea on the Mississippi River, iet. leads
are created by thermally expanding iee forces. Gates at Dam 5 have been damaged
by ice loads and cakxdadon of the ice loads nemsary tocause theicedamage
concluded that a maximum of about 3.7 Ml was sea by the gates. But only a few
gates were damaged, and therefore, most of the gates at the dam saw far leas iee
load. Based on the analysis, an average maximum yearly iee load of 2 ldft was
assumed with a standarddeviation of 1 Wt. Standarddeviation for iee loading is
expected to be quite high.

19. Several tainter gates on the Illinois Watesway have been severely damaged in the
past by floating iee sheets. For the iee loads at these sites, the iee leading was
estimated by assuming the design iee load for tainter gates suggested in EM 1ll@2-
2702 of 5 ldp/ft is the 95th pememtile of normally distributed ice loads on the gate
and the variance is 25% of the mean iee load. The mean iee load assumed used was
therefore 3.6 kip/ft with a standarddeviation was 0.9 kip/fi.

20. Ratio of SetuaI to comuuted for= This random variable is Ks and is the mtio
of actual to calculated stmases. The numbersfor Ka that were used were determined
in the researeh for the AISC LRFD code so their applicability to tainter gates is
questionable.

Mean Ks = 1.02, Std. dev. = 0.10.
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Prwedure for Analyzing ReUabfity

21. The procedure used for computing reliabii~ for tainter gates is described below.
Much of the work in these steps was consolidated into a spreadsheet for the three
tainter gate types on the Mississippi fiver. ReliabiMy for tainter gate m which
are found on the tliinois waterway were done without use of a spreadsheet to
summarize information. AU analysis was done for avemge loadings and for one
standard deviafion above and below the average load, for each load case.

A. Informationon the geomeby, member properties, weight, and loadiigs for
the taintergate was collected. Critical members were identified for which
reliability would be mmputed.

B. The Ioads on the gate and the wed reactions of the gate at the trunrdons,
gate siU, and lifting chains were computed. The loads, reactions and aU
further analysis were computed at the average Ioadiig and one standard
deviation above and below the average.

C. A stmctural analysis of the gate was performed in several steps in order to
compute the forces in the critical members. For different gate types, some of
the analysis was done by frame analysis mmputer programs, some was done
by the use of standard formulas and some was done using formulas provided
on the design data found on the as-built drawings.

D. Reliability fim limit statea due to bending, shear, and axial loads in the
members was computed. The analysis in steps C produces avemge forma and
forces one standarddeviation above and below the avemge for use in
mmpudng the reliability using the Taylor Series method. SimUar but different
spreadsheets were prepared for computing reliabilities for several dfierent
limit states for the dfiemnt types of critical members present. Equations in
the AISC, LRFD manual of steel construction were used to compute a factor
of safety for eaeh limit state for each member ~ The Taylor Series method
was used to cmnpute the diabiity factor, Bela, and then a pmbabiity of
unsatisfactory performance was computed from that. Since the loading were
cmsidered to be yearly, the resulting reliability is yearly and subtracting it
from 1.0 would represent the pmbabiity of unsads&to ry performance in a
given year. Information from this step was usd to tind critical members and
loadings.

E. Final pmbabiity of unsatisfactoryperformance for the ice load eases,
which were the critical cases for several dams on the Upper Mississippi and
Illinois Waterway, were computed by using a method outlined in “Probabiic
Shuctural Mechanics Handbook” by C. Sundaramjan. This method combmes
the curve for probability of load exceedence in a year with the fragility curve
for the structureto calculate the pmbabiity of unsatisfactory performance.
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This method was better for final computationof the probability of
unsatisfactory pdormance because it provided more flexibility in the type of
load distribution used. For the computationof unsatisfactory performance per
year, an exponential distribution was used for the ice loading which seemed to
provide a _ prediction of unsatisfactoryperformance than by assuming the
loading to be normally distributed. This methodwas checked by using a
normaIdistribution for loading and the computed unsatisfactory performance
was vez-yclose to that prdcted when the Ioadiig uncertainty was included in
the Taylor series method used to compute reliability described in paragraph D.

II. We Selection

22. Because of the large amount of time that is requiredto compute th~ +ity for
an individual titer ga@ gates from certain locks and dams were selected which
would be representative of the remaining sitea. lhis simplification could be done
because the reliability for the tainter gates was for the most pat very high due to
conservative design criteria and design loadiigs that am much greater than expected
actual loadings. (lnly ice loadiigs on a few gates created reliabiitics low enough to
be significant. The gates that were analyzed and the reasons for their selection areas
followx

A. Dam 10. The gates at this site were selected because Dam 10 was
designed by the Rock Island District but is in the St. Paul District now. The
taintergates at Dams 16and20areof thesametype.

B. Dam 5. The gates at this site are identical to gates at Dam 4 and identical
except for the top strut arms of the gates at dams 5A through 9. This darn
was chosen because several gates at thk darnhave been slightly bent by ice
loads. Results from this site can be estimated to be similar for other tbe sites.

C. Dam 13. llre submergible gates at this site in tbe Rock Island District is
typical of gates at Dams 12, 13, 17, 18 and 21 and has the most head
difftmltial.

E. Dam 24. The elliptical gates at this site in the St. Louis District are the
only onea of their type.

F. Dam 25. The tinter gates at this site in the St. Louis Dktrict, similar in
configuration to the type at Dam 13, have had limited past maintenance.

G. Dresden Island. The taintcr gates at thk site on the Illinois waterway
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were andyd because two were heavily damagedby ice loads in the past snd
replaced. Only reliability for the existing gates wss computed.

H. Starved Rock. The tainter gates at this site on the Illinois waterway are a
type similar to the gates at Dresden Island, but of heavier construction.

m. Parametem

23. For all sites analyzed, random variables for corrosion rate and the ratio of actual
to computed stresses, ‘KS, areas stated in the section above titled “Random
Variable”. Other variables are as stated in the table below.

Random Variablea for Sii Analyzed

Fyb hi Fyv til Fhn. Fi Wft Fbifi
Darn A u # a P n P n F G

5 35.64 4.98 36.30 5.45 9.15 0.20 2.03 1.00 7.97 1.10

10 35.64 4.9a 36.30 5.45 7.35 0.70 2.CQ 1.02 4.57 1.88

13 35.64 4.98 36.30 5.45 10.64 0.80 2.00 I.m 10.64 0.s0

i
22 35.64 4.98 36.30 5.45 10.18 L32 2.00 1.00 10.18 -

24 48.60 6.80 49.50 7.43 14.54 0.90 - - - -

25 35.64 4.98 36.30 5.45 14.78 0.80 - - - -

IksdeaIsland 35.64 4.98 36.30 5.45 14.&l - 3.60 0.90 14.00 -

.%a-wdRock 35.64 4.98 36.30 5.45 17.00 - 3.60 0.90 17.00 -

Fyb=Stalyieldshe@hinbwding
FyTI= SteelYk4dS&U@ inshear
HI =Maxinnunyeariyheadongate.
Fi = Maximumyeaiyice108d00gate.
Fhi=Hcadcmgatea!timeofrmximuniceload.

Foribtititile fie~n*ti-onk@va, thevariablewasasswnedtobea
wnstmtWICTCnovaluesate.Med.thegatewasnotevaluatedforO@ condition.

IV.HazardFhnclions

Smmnary of ReliabWy Results for Tainter Gates

24. Reliability indices (betas) were computed using the methods described in
~mph 21 .D and are shown in the following table. llrese were produced for
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comparison purposes and to find the critical gates and load cases. Where Betas of 3.0
or greater aIEmmputed, the probabilityof unsatisfactoryperformance will be small

enough to be considered insignificant. The Betas indicate that reliabilities for the
tainter gates will for the most part will be very high except for ice loadings on some
gates

Betas For Taiuter Gates

Beta

Dam Loading Critical Member 1940 2000 2050

5 Water Bottom Shut 4.38 4.13 3.99

Iee Top Strut 1.64 1.57 1.53

10 Water Vetical Ribs 4.28 3.76 3.53

Ice Top Strut 3.22 3.18 3.16

13 Water Horiz. Girder 6.26 6.04 5.98

Ice Top Strut 4.45 4.43 4.41

22 Water Middle Girder 5.07 4.97 4.94

Ice Top Girder 3.65 3.43 3.33

24 Water Shell Plate “ 4.02 3.19 3.01

25 Water Horiz. Girder 4.28 4.18 4.16

Dresden Watix End Strut 4.19 4.19 4.19

Island Ice Top Horiz. Beam 1.34 1.34 1.34

starved Water Rottom Horiz. Beam 6.85 6.85 6.85

Rock Ice Top Horiz. Beam 2.28 2.28 2.28

Computation of Probabiiy of Unsatisfactory Performance

25. F@ eomoutation of the unsatisfactory oerfornww was done as described
previouslyinp&agraph 14.E for the taint& ~ates at Dams 4-9, Dreadeo Island, and
Starved Rwk. The probability of unsatisfactory performance will remain mostly
constant with time for the titer gates because the gates do not deteriorate very much
when painted regularly. The hazard value was computed assuming that current,

regukw paint schedules usedintheSt.PaulandRock IslandDistrictswillbe kept in

the future. Enhanced maintenance. would not improve on the reliability with time
since it does not degrade significantly with the current maintenance schedule and
thereforeonly one value for the hazard functionwas computed.
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26. Although many tainter gates on Mississippi River darnsshow some very minor
deformations caused by ice, the majority do not. Due to a lack of a design load case
for ice and a bad connecdon detail, the gates at Darns 4-9 can be darnagedby
relatively small ice loads (about 2 kipHt). The fact that many have not been damaged
indicates that ice loads on the titer gates do occur, but not frequently and usually
not of great magnitude. The ice loads for the Mississippi River darnsare caused by
thermal ice loads. An analysis of ice loads done in the St. Paul district several years
ago showed that when the ice expands thermally, most of the load is taken by the darn
piers by arching across the titer gate opening, except when the ice is very weak
and/or tlrirsrelative to the loading that is produced. From the limited darnage done to
the titer gates, it can be inferred that such cardhions’do not occur very often and
that normally when ice loads occur, they are tmrssferredto the dam piers without
exerdng much force on the taintergates. Thezefore, an expommtial distribution for
iw loading was assumed for the computation of the hasard funclion. The parameters
for the loading distribution wexe selected so that it would approximately result in a
load dtibution indicated by the damaged gates. ::..

27. The ice loads that would be produced on the ~ois Water Way darnsat Dresden
Island and Starved Rock are created by impact ice loads from floating ice sheets.
Two tairrtergates at Dresden Island Lock and Darn were severely damaged by
floating ice at least two times in the past. An exponential loadiig distribution was
used to compute tire hazard on these ~ as well since most years the gates
experiemx very little ice loading. Parameters for the dkitributionwere selected so
that the design ice loading of 5 kips per foot is exceeded 5% of the time. The
resulting reliability predicts approximately the same number of urrA@ctoty
ptformances that the gates have actually experienced.

28. Fti computation of the probability of unsatisfactoryperformance per darn per
yea for the current gates are given on the table that follows. The reliabtity of the
hinter gates is controlled by the strength of the top strut arm, which resists most of
the ice loading. The titer gates at Darns 5A through9 have stronger strut arms
than the gates at darns4 and 5. Therefore, although the gatea are identical otherwise,
the gates at dams 5A through 9 have lower probabilities of unsatistktory performance
due to ice loading. Probability of urr@sfactory performance after a repair has been
made to a damage gate can be assumed to be unchanged. The repair would not be
likely to significantly strengthen the gate and the repair of one or two gates at a darn
would not significantly change the probability of unsatisfactory performance for all of
the gates at the site.
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Dam Probability of Unsatishtory Performance

4 0.0726

5 0.0924

5A 0.0025

6 0.0049

7 0.W54

8 0.0049

9 0.0039

Dresden Island 0.1530

Starved Rock 0.1600

V. Consequences

28. Por the titer gates at Dams 4, 5, 5A, 6, 7, & and 9, the loading which causes
unsadsfactory performance is thermally expanding ice loading. This loading cannot
cause impacts to navigation because it occurs bs winter when no navigation is
cxxurrirsgsnd because the load is unable to follow the yielding structure in such a
way as to cause the gate to be destroyed and the pool lost. The only consequence to
this type of unsatisfactory performance is that bent members on the gate will need to
be repaid or the gate replaced.

29. For the taintergates at Starved Rock asrdDresden Island, the Ioadibsgis for
impact loads from floating ice sheets. The conscquemxs of this event occurring mnge
from bending of the gate members requiring gate repair to damage of the gate
sufficient to cause loss of pool. Pool can be restored by placing new bulk heads. If
enough gatea are destroyed, irssufticiemtbulkheads will be available snd bulkheads
will need to be fabricated to restose the pool and a greater loss to navigation time will
be incurml. The probability of unsatisfactoryperformance shown above for the
Drdcrs Iskmdgates isduetoavtidti ~gwhich will~dtin moregate
damage and more severe consequcascesthan the hazard number for the Starved Rock
gate which is for a top horizontal beans.
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30. ‘flse table which follows summarizes the consequen- and costs for the tainter
gates.

Table of Consequences

Lack LowLevelofCOOqueaIces MediumbVd Of HighLevelofCimxqumces
.@) -=’= WC) @~

w N Re@ mC) Nav. Repair P(K) Nav.
2 C=Xts

Repair
Down CC4 Dow C05t5

Tm T= n
T-

455A 9 0 $150m.
6:7;8,9 “

09 2 m,ol-m 01 7 Smo,ooo

.9 0 S300,000 .09 2 S500,000 .01 7 $1,000.000
kfand
sbuved .9 0 $250,000 .09 2 $300,000 .01 7 S500,m
Rock .,:.:

31. For the table above for Dams 4-9, Low Level of consequences assumes that the
top strut arms for one gate require replacement. Medium level of consequences
assumes that strut arms for three gates require replacement. The High level of
consequences assumes that strut arms for two gates are replaced and also one gate is
replaced.

32. For the gatea at Dresden Island Dam, low level of consequences assumes that‘“
one gate is damaged and bulkheads are placed immediately. Medkm level of
conseqssenees assumea that two gates are damaged and loss of pool is longer.High
levelofcxmsequence-sassumes that 4 gates are damaged and bulkheads must be
fabricated and therefore loss of pool is longer in duration.

33. For the gatea at Starved Rock, the overall reliability for the gates is higher and a
less critical member was used to compute probabilityof unsafisfaetory performance
Low level of consequences would be if the gate was damaged but pool was not
affected and mvigation not lost MeAsm level of consequences would be if a one
gate was damaged enough to loose pool. High level of ecmsequeneeawould be if two
gates were damaged.

VI. Rehabiition of the Tainter Gates

34. For the taisstergates on the Mississippi River, top strut arms on gates in the St
Paul DWriet am the critical members and have shown deformations due to ice. For
the rehabilitated case, it was assumed that the top strutarms would be replaced by
new, welded plate members which would provide much more strength than the
existing members.
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35. For the Illinois Waterway gates, past damage has resulted in complete
replacement of two gates. The new gates wae designed to withstand ice loads and
therefore by inspedon have a high reliability. The probability of unsadst%tory
performance for these gates after replacement was estimated to be the same as find
for the Mississippi river gates, which had a Beta of about 3.5 after rehabilitation.
The resulting probability is so small that inaccuracies in this assumption are
insignificant.

36. For the rehabilitated gates, the probabilityof unsatisfactoryperformance would
be as follows

Dam Probability of Unsatisfaetmy Performance

4,5,5A 6789,,, , 0.ooOOOo7

Dresden Island I o.m7

Starved Rock o.ooOOOo7 I
37. Costs for Rehabilitation of the Tainter Gates is shown in the table below:

Darn RehabilitationCost

4, $1.200,000 I

5 I $1.500.000 u

5A I $ 350,000

6 $ m,ooo I

7 I $ 650.000 II

8 I $ 600.000 II

9 I $ 500,000

Dresden Island I $2,1OO,OOO 1

Starved Reek I $2.340.000 R
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ReliabtityAnalysisfor Tainter Valves

I. Model Description

General

1. The reliability modrd for tainter valves has been developed using methods outlined
in the report written by WES and JAYCOR titled “Reliability Analy@s of Hydraulic
Steel Structures with Fatigue and Corrosion Degradation*, March 1, 1994. For the
titer valves, limit states for unsatisfactoryperformance due to both strength and
fatigue were examined.

2. Tainter Wk?-Sare sled s&uctmWcomposed of many members. For a given gate
and loading, several members could be critical to the reliability of the valve.
Unsatisfactory performance of the different critical members may have different
consequences for the structureranging from a simple repair of a bent member to
complete loss of the titer valve. Therefore, a complete structuralanalysis must k
performed on the tainter valve so Uiatthe critical members, critical loads, and the
limit state of the members can be identified and the member reliabilities computed.
The overall reliability of the gate is determinedfrom the reliability of the critical
members.

3. The analysis of the taintervalve for forces in the structure members was done
using conventional 2-dimensional modeling techniques. Siice the valve is completely
submerged when loaded, the net force on the gate can be mpreaentedas a uniform
load on the valve Faceequal to the dh%mmcein head between the upper and lower
pools.

4. On the following page is a table of general data for the titer valves for tie
Mississippi River Icdcs and dams

Definition of Urssatisfaclory Perfosmanee

5. A titer valve is comprised of many components, any one of which ixxdd be
loaded beyond its limit state and cause ondsfacto~ performance of the gate. The
consequences of each type of member exceeding its limit state are described in the
paragmphs belOW.

6. Tire akin plateservestocontainwaterbehindthegateandtransferloadstothe
cross beams. It is designed as a 24 plate, but may act as a 34 plate or a dmphragm
as well. Unsatisfactory performance would be created by fatigue cracking of the skin
ptate which would lead to leakage throughthe gate and possibly instability in the
crossbeams. The valve would require repairbut it could most likely be done at a
convenient time to minimize affects on navigation.
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Tainter Valve Data

Design Valve Valve Valve
Darn Head, ft. Height Width Radius

.2 12.2 12.5 12.5 17

3 8.0 12.5 12.5 17

4 7.0 12.5 12.5 17

5 9.0 12.5 12.5 17

5A 5.5 12.5 12.5 17

6 6.5 12.5 12.5 17

7 8.0 12.5 12.5 17

8 11.0 12.5 12.5 17

9 9.0 12.5 12.5 17

10 8.0 12.5 12.5 17

11 11.0 12.5 12.5 17

12 9.0 12.5 12.5 17

13 11.0 12.5 12.5 17

14 11.0 12.5 12.5 17

15 16.0 12.5 12.5 17

16 9.0 12.5 12.5 17

17 8.0 12.5 12.5 17

18 9.8 12.5 12.5 17

19 36.2 17.0 14.5 21

20 10.0 12.5 12.5 17

21 10.5 12.5 12.5 17

22 10.2 12.5 12.5 17

24 15.0 12.5 12.5 17

25 15.0 12.5 12.5 17

26 - 18.0 16.0 25.75

27 21.2 15.5 12.5 20
J
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7. The cross beams carry load from the skin plate to the vertical end girders and the
limit state for these member is bending or fatigue cracking. Although there arc
several beams parallel to each other and there would be some rcdiitribution of load if
one beam were to reach its limit state for strengthor fatigue, the beams arc far
enough apart that there may be significant deflection of a portion of the gate. Tire
valve would nc@ to be qaircd immediily.

8. The end girders take had tbm the cross beams to the strut arrrss. Limit states for
the beams are bcndmg, shear, or fatigue cracking due to bcoding. Unsatisfactory
performance of a girder could likely result in complete failure of the gate and require
immediate gate repair.

9. --tm~ld timtiee ~tie~tionmd~mti-
columns. The limit state for these members is yielding or by buckling, depending on
the combmtion of forces that act on them. Urrsatist%ctoryperformance of a strut arm
could likely result in complete failure of the gate and require immc&ate gate repair.

Load &sea

10. Two load cases were selded for the reliability model. Each case was checked
for both strength and fatigue. These cases are as follows

A. Headwatcx and tailwater due to maximum head for the stremgthlimit state
or due to average head for the fatigue Iirrdt.state. Valve readng on sill.

B. Headwater and tailwater due to maximum head for the strength limit state
or due to avcmge head for the fatigue limit state. Valve being litled by chains
with chain pull even on both sides of the taintervalve.

Random Variables

11. The random iwiables random variables in the following pamgraphs were used in
the reliability modeL Most come from the WE8 - JAYCOR report.

12. co rrosion Rate. The random variable for corrosion is c=and the amount of
corrosion, C, is defined by:

log C=log A+ Blogt+ cc.

13. The variables for the corrosion equation were determined from thickness
measurements amdrrcted on a tainter valve at Lock and Dam 6. These measurements
were compared to comosion rates predicted by variables given in the WES-JAYCOR
report. It was assumed that splash zone corrosion mtes should be used for the tinter
valves because the gate is almost completely lifted out of the water during every
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lockage. The valves at Lock 6 showed corrosion mtes about half those predicted by
the splash zone ca-rosion equation given in the WES-JAYCOR report. Therefore, the
following variables were used in the reliability analysis for the titer valves to
produce C in micrometers

A = 74 ; B = 0.903; ECmean = Owith std. dev. = 0.099

14. For the taint& valves, the paint was assumed to he effective for preventing
corrmion for 15 years after each application of virrylpaints. Tlse original lead paint
was assumed to last until 1948.

15. Ned Yield Streneth. The random variable is defined by LRFD research as
follow

Tension. Mean = 1.05 Fy, Std. Dev. = 0.11
Bending. Mean = 1.08 Fy, Std. WV. = 0.14
Shear. Mean = 1.10 Fy, Std. ~V. = 0.15

The stated minimum yield strength, Fy, for all of the tainter valves arralyzmiis 33
K1. The randomvariablea for steel yield stx.rsgtbare therefore as follows:

Bending .%reagtb.Meam 35.64 ksi. StandardDeviation: 4.98 ksi.
Shear Strength. Mean: 36.30 ksi. StandardDeviation: 5.45 ksL

16. - The random variable used for loading is water load. The meamand
standarddeviation for water loads were computed as described in the WES-JAYCOR
report- Since the reliability for the strength limit state is computed on an annual
basis, mean snd standard deviation for loadiig was for maximum loa&mgon the gate
during a given year.

17. ~tio of actual to comDuted force,% This randomvariable is Ks and is the ratio
of actuaJto calculated stmases. Tbe numbers for Ks that were used were those
determined in the resmcls for the AISC LRFD code and therefore their applicability
to titer valves is questionable.

Mean KS = 1.02, Std. dev. = 0.10.

18. Fatkme, For fatigue, there ans three variables which are used.

A) Ratio of lockages to actual mess cycles (Kc). This factor permits the
number of stress cycles to be computed from the number of lockages KC is
computed from the number of machinery Iwd cycles.

B) Uncertainty in the fatigue life of the material (c). This variable is applied
in the equation which is used to compute the fatigue stx.ngth of the material.
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For riveted sh-uctures (which all of the tainter valves investigated were):

Mean c = 0.0, Std. dev. = 0.31.

C) Damage accumulation factor (A)

Mean A =. 1.0, Std. dev. = 0.30.

Procedure for Analyzing Reliabtity

19. The procedure used to compute reliability of @intervalves is described below:

A. Information on the geometry, member properties, weight, Ioadiigs, and
numberof lockages for the tainter valve was collected.

B. The loads on the titer valve and the reactions on the valve at the
tnmrrions,gate sill, and lifting chains were cxrmputed. The loads, reactions,
and all further analysis were mmputed at the average Ioadhg and one standard
deviation above and below the average.

C. Unit forces in the tainter valve members were mmputed. The titer
valves are always mmpletely submerged so the net loading on it is a uniform
load equal to the difference in head betwem the pool and tailwater. The
member forma were mmputed for a unit load and a ratio of actual head to the
unit head can be used to compute the actualmember forces. The, CORPS
proglanr XO030, CFRAME, was used to analyze the vedcal frames on each
side of the taioter valve. These tiames are mmprised of the end girder and
the strutarms.

D. Reliability for limit states due to bending, shear, and axial loads in the
gate members was mmputed. The analysis in step C produces average forces
and forces one standarddeviation above and below the average for use in
computing the reliability using the Taylor Series methcd. The forces were
~put irtto~te _~@-s for ~@tioII of re~ity. Seved
-~ werep- whichcompute reliability for the steel members
that are present in the titer valves.

II. Sii selection

20. Ordy taintcrvalves at a few locks on the Mississippi River were analyzed for
reliabfity. Ilk was done to save time because, except for a few sites, all of the
tainter valves are of identicd mnstructiorr. This simplification muld be done because
the reliability for the titer valves was in almost all cases very high due to
mnservative design criteria and design loadiigs that are outside of expected actual
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loadings. The gates at Lnck 26 and Lock 2 were not analyzed. These newer gates
arc assorncd to have reliabilities similar to the other sites. The titer valves for
which reliability was courputed and the reason that they were selected is m follow~

A. Lock 8. The valves at this site are identical to valves used at Leeks 3
through 17 and 20 through 25. Lock 8 has the highest head in the St I%U1
District. i

B. Imck 12. Reliability for the valves at this site was analyzed for an
evaluation report and included in the Navigation Study.

C. Lock 15. Tbis lock had the highest head of all dams with this common
valve type.

D. Lock 19. ~ti&tiv~~ti d~~ofadfiemt@ti tie
other locks. Rather than beiig of riveted construction with the Srut arms in
compression, the tainter valves at dam 19 are of welded construction with the
strut arms in tension. The head at this site is several times higher than head at
other sites as well. Factors of safety were computed for the expected Ioadiigs
by a simple and conservative anaIysis and were found to be quite high. By
comparison with factors of safety from the other tainter valves, it appars that
the reliability would be very high. Because of this and because of time
consideradons, the gates at this site were not formally analyzed for reliability.

E. Lock 24. W original valves atLocks.24 and 25 are the same and have
had leas maintmance and more lockage cycles than at other sites. The gates at
Lack25were replaced in1995arsd thegatesat Lock24 wereplannedtobe
replaced although fimdmg is uncertain at this time.

m. Parameters

21. For all sites analyzed, random variables for czxroaion rate, the ratio of actual to
computed s(reas (Ks), skel yield strength, and the fatigue paarneters c and 13are as
stated in the section above titled ‘Random Variables”. Other variablea am M stated
in the table below.

KandamVariabSesforSitesAnalyzed

L=’ m

(sl) FhO (f&) Kc

P n # v fl u

8 10.32 0.67 6.70 3.29 0.770 0.066

12 8.33 0.74 4.34 3.41 0.644 0.039

15 15.59 1.00 11.15 3.39 0.649 0.034

24 14,54 0.90 9.17 2.18 0.829 0.033
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fntheprevioushbk

Fhm=hfaximm yearlybeadon valve.
Ftm=Avaege headonti.
Kc = Rntioof number ofkd cyclestonumk ofkkages.

Summary of Reliab~ Results for Taioter Vatves

22. The table which follows summarizes reliability indkes (betas) for the tainter
valve for which reliability was anatyzd. The b@aswere used for comparison
purposes and as an indication of which sites would be of eoneem for the economic

analysis. Betas were computed for M-we dates assuming that maintersaneewould be
done the wne as has h done in the past. The beta listed for Darn 24 assumes that
the existing gates are not replaced.

Dam

8

12

15

24

Limit

state Cntied
Member m

strength cross Ream 9.22 I 8.10 7.51

Fatigue ! skin Plate ! 11.84 ! 6.55 I 4.88

strength cross Beam 9.87 9.16 8.74

Fatigue Skin Plate 11.42 5.28 3.76

Strenglh End Girder 7.13 6.49 6.10

Fatigue Cross Beam 13.14 6.06 4.80

strength cross Beam 7.29 3.10 -

Fatigue skin Plate 11.06 2.35 -

23. Almost alf of the tairstervalvea have betas that indicate that reliability of the
valves will be very high, provided that ruudrsepainting is done, for the life of the
gate. Grdy the existing tairrtervalves at L.cek24 have betas that indicate that
refiahiity will be significantly low in the future. The beta for strength of the cross
beams times 1.0 in about 2025 and for fatigue in the skin plate it beeome.s 1.0 in
about 2029. Mthese gates are repfaced as planned, the reliability em be assumed to
be very high until the yea 2050.
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Iv. Hazard Fhmtioll$

24. The probability of unsatisfactmy performanceby year for the esisting titer
valves at Lack 24 are listed in the table which follows. These numbers were
produced from a Weibull fit of computed data to form a harard fimction. The
WeibulI equation is:

‘(’)6)“(Y’

Where h(t) is the probability of unsatisfactoryperfomce
tis theyear
a and b are variables defined below

25. The hazardfunctionfor the tainter valve given in the table which follows assume
futwe mzdntenancethe same as used to compute betas for the sites as listed above and
also for a case which assumes enhanced maintenancein the future. For the taintcr
valves at Lock 24, painting in the future was assumed to take place in 1998, 2018,
and 2038 for the enhanced maintenance ccndtion. For a rehabilitationof the valves
at Imck 24, the harard fimction can be assumed the same as when the gates were new
as shown in the third column.

Hazarxl FunctionEdI Tainter Valve at Lock 24

Year
20W
2CU)1
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

Current O&M
Hazard Function

0.00061
o.0@370
0.00080
o.m
0.00105
O.(x)l 19
0.00135
0.00153
0.00173
0.00195
0.00220
0.00247
0.00277
0.00311
0.00348
0.00388
0.00433

Enhanced
Maintenance

~
o.oo#7
0.00007
0.00008
0.00009
0.00010
0.00012
0.00013
o.m14
0.00016
0.00017
0.CHJ019
0.00U21
0.00024
0.00026
0.(X)028
0.00031
0.00034

Year
o
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Rehabilitation
Hazard Function

O.000000
0.ooOOOo
0.ooOOOo
0.ooOOOo
0.ooOOOo
0.ooOOOo
0.ooOOOo
0.000m
Omomo
o.ooOOOo
0.ooOOOo
O.m
o.ooOOOo
O.m
o.ooOOOo
0.ooOOOo
0.ooOOOo
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Enhanced
Current O&M Maintenance Rehabilitation

o.m37
0.00597
0.00662
0.W734
0.00812
0. M1898
0.00991
0.01093
0.01204
0.01325
0.01456
0.01599
0.01754
0.01922
0.02103
0.02300
0.02513
0.02743
0.02991
0.03258
0.03547
0.03857
0.04192
0.04551
0.04937
0.05352
0.05797
0.06275
0.06786
0.07334
0.07921
0.08548
0.09219

9-27

Year Hazard Function HazardFunction Year Hazard Function
2017 0.00483
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

Weibull Equation
variables

a
b 108.9

0.00038
0.00041
0.WI045
0JXXM9
0.00053
0.WM58
0.00063
0.00069
0.00075
0.00081
O.(MO88
0.00095
0.00103
0.00111
0.00120
0.00130
0.00140
0.00151
0.00162
0AM174
0.00188
0.00201
0.00216
0.00232
0.00249
0.00266
0.00285
0.CQ305
0.00326
0.00348
0.00372
0.00396
0.00423
0.00450

7.97
40.2

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

o.@xnoo
o.ooOOOo
o.lxJowxl
o.oOcKN30
o.ooOOOo
O.memo
o.ooOOOo
0.ooOOOo
O.axxm
0.000mo
o.a301x)0
o.O(Mx)oo
o.ooOOOo
0.ooOOOo
0.ooOOOo
0.ooOOOo
0.ooOOOo
o.oOoIXJO
o.ooOOOo
0.ooOOOo
0.ooOOOo
o.000mO
O.WOOO1
o.ml
0.0MKD2
o.m3
0.WOO04
o.000006
0.000009
0.000014
o.mo
0.000030
0.000043
0.000061

19.14
8.41
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26. Tle hazardlistd for the existing taintervalves for Lnck 24 in the table above
are for one taintervalve. The probability thatany one of the four titer valves at the
site will have unsadsfktory performance can be found by multiplying the above
hazard by four. The coefficients for the Weibsdl equation become as shown below:

Hazard Function for Tainter Valves at Lock 24

Enhanced
Current O & M Maintenance Rehabtitation

Year Hmd Function Hazard Function Hazard Function
Weibull Equation

variables
a 37.1 31.9 76.6
b 108.9 -40.2 8.41 ‘

Hams-d Ihsnetion After Repair

27. After a titer valve is repaird following an unsatisfactory performance, the
Isamrdfunction that the valve would have depends on the type of failure and the
repair. Since the critical limit state for the tairstervalve was fatigue cracking of the
skin plate, it is assumed that after unsatisfactoryperfonqance, the gate would need to
be replaced. llse hazard function would be the same as for the rehabilitated case.

v. Consequeneea , ./

28. It is almost impossible for USCloss of a tainter valve to result in a loss of the
pool. If a vafve failed, the other vafve in the culvert would stif.1stop flow through the
culvert. The impacts to navigation would be a possible slowing of lock opation
while the valve was rcpaimd and only one of the two culverts was operational.
Navigation would be stopped for a few hours while the gate was removed and
replaced.

29. The table which foflows summarize the consequences and costs for the titer
valves The difference in consequences relate to the degree of failure and the amount
of difficulty in removing the damaged taintervalve from the fainter valve pit. It is
expected that normally it will be relatively simple to remove the tainter valve. The
alow down time is related to how long the leek would be operated with just one on set
of valves working. Lower probability of consequences assume that the gate cannot be
operated while a new gate is fabricated.

10



Table of Consequesws

Probability of
Consequences Navigation Navigation Repair

P(LC) Down Time Slow Time

m

VI. Rehabilitation and Enbamed Maintenance Costs

30. For rehabilitation, the gates at Lock 24 would require replacement identieal to
the replacement at lock 25. Costs for this for all four gates are $400,000 including
mobtition and installation. For enhaneed maintenance of the tainter valves, they
would be painted in 2W?’3,2(T23, and 2043. Tbe casts for each painting would be
$175,000 and the yearly cost wmdd,therefore be $8,750.
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UMR-IWW NAVIGATION STUDY
GEOTECHNICAL/MATERIALS RELIABILITY MODELS

OBJECTIVE 2A

1. Components. As part of Objective 2A of the Upper Mississippi
River - Illinois Waterway Navigation Study (UMR-IWW) time-
dependent reliability models were developed for all major
components of the navigation system. Development of the time-
dependent reliability models is documented in the report
“Geotechnical Time Reliability Model.” This report presents the
results of these time dependent reliability models for all
geotechnical/materials related components. The components of the
UNR-IWW Navigation System, which are the responsibility of the
geotechnical/materials work group, are listed in Table 1.

a.

b.

c.

d.

TABLE 1
GEOTECHNICAL/MATERIALS COMPONENTS

Through Seepage (Earth Embankments)

Slope Stability (Earth Embankments)

Gravity Structures (Sliding and Overturning)

(1) Guidewalls

(2) Lockwalls

(3) Dam Piers
..

Pile Foundations (Pile Capacity, Pile Stresses, and Pile
Deformation)

(1) Guidewalls

(2) Lockwalls

(3) Dam Piers

e. Underseepage

(1) Locks

(2) Dam Piers

(3) Earth Embankments

f. Scour Protection Downstream of the Dam (Riprap)

9. Lockwall Concrete (Nonair-Entrained, Freeze-Thaw Damage)



h. Dam Pier Bridge Column Concrete (Nonair-Entrained,
Freeze-Thaw Damage)

i. Concrete Spillway Fixed Crest (Nonair-Entrained, Freeze-
Thaw Damage)

Table 2 shows the number and type of dam piers at each project.

TABLE 2
TYPE OF PIERS AT EACH DAM

NUMEER OF DAM PIERS

Project Tainter Gate Roller Gate Total
Piers Piers

USAF o 0 0

LSAF 4 0 4

1 0 0 0

2 21 0 21

3 0 5 5

4 22 6 28

5 28 6 34

5A 5 5 10
6 10 5 15

7 11 5 16

8 10 5 15

9 8 5 13

10 7 5 12

11 12 4 16

12 6 4 10

13 9 4 13

14 12 5 17

15 0 11 11

16 14 5 19

17 7 4 11

2



NUMBER OF DAM PIERS

Project Tainter Gate Roller Gate Total
Piers Piers

18 13 4 17

19 0 0 0

20 39 4 43

21 9 4 13

22 9 4 13

24 15 0 15

25 13 4 17

Melvin Price 11 0 11

27 o 0 0

TJ O’Brien o 0 0

Lockport o 0 0

Brandon Road 21 0 21

Dresden Island 9 0 9

Marseilles 11 0 11

Starved Rock 10 0 10

Peoria 1 0 1

LaGrange 1 0 1

2. Methods. A three-parameter Weibull distribution was used to
represent unsatisfactory performance events on the UMR-IWW
Navigation System. The three-parameter Weibull distribution is
defined by the three parameters b (the shape parameter), a (the
characteristic life), and v (the minimum life) . Past
unsatisfactory performance events were tabulated in a database
for the components in Table 1. This database is representative
of the navigation system as a whole, not any single component.
The geotechnical and materials components listed in Table 1 are
representedby nine different modes of performance for the
navigation system as given in Table 3.
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TABLE 3
PERFORMANCE MODES

a.

b.

c.

d.

e.

f.

9.

h.

i.

Through Seepage

Slope Stability

Gravity Structures

Pile Foundations

Underseepage

Scour Protection Downstream of the Dam

Lockwall Concrete (Nonair-Entrained)

Dam Pier Bridge Column Concrete (Nonair-Entrained)

Concrete Spillway Fixed Crest (Nonair-Entrained)

3. Equations. The probability density function f(t) for the
three-parameter Weibull distribution is:

f(~) = ~ ~-v b“l.[ . I ‘Xp[i+lbl (1)

where

b is the shape parameter.

e is the characteristic life, starting at time equal to the
minimum life.

v is the minimum life.

t is time. For all of the geotechnical/materials reliability
models presented in this report, t is taken as zero in 1995, the
year that all of the reliability analyses were performed.

F(t) is the cumulative distribution function, the probability
that the system will fail by the time t or the probability of
failure. F(t) is given as follows:

‘(t) =1 - ‘X4-RI’]
(2)
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R(t) is the reliability function, the probability that the system
will not fail by time t or the reliability of the system.

‘(’)=‘xi-[%’]
As can be seen from an examination of Equations 2 and 3, the
reliability and probability of failure ire related by the
following ;quati&:

R(t) =

h(t) is the hazard function, the
that failure has not occurred at

1-F(t)

rate of failure at time t
time t or the nrobabilitv

failure in any year, given that failure has not-occurred.”

*(’) = ~ ~-vb-l
[1act

The Weibull distribution has the following characteristics:
b = 1, the Weibull distribution becomes the exponential

(3)

(4)

given
of

(5)

For

distribution, which gives a constant hazard function with an
ecrualrate of failure in any Year. For b = 2, the Weibull
distribution becomes the Ra~l;igh distribution, which gives a
linearly increasing hazard function. For b < 1, the hazard
function decreases with time, giving a decreasing rate of failure
with time. For b > 1, the hazard function increases with time,
giving an increasing rate of failure with time. A b value of 1
would be representative of the occurrence of a random event, such
as scour occurring adjacent to a structure, erosion, or an
accident. Deterioration of sheetpiling could be represented by a
b value between 1 and 2. For any Weibull distribution, there is
a 63.2 percent probability that failure will occur before the
characteristic life and a 37.8 percent probability that failure
will occur after the characteristic life. Put another way, 63.2
percent of the components will fail by the characteristic life
and 37.8 percent will not fail.

4. Results. Each of the nine performance modes will be
presented in an appendix of this report. Each appendix will
contain the following information:

a. Model Description. All of the reliability models used
are described in detail in one of the following reports prepared
as a part of the UMR-IWW Navigation Study:

5



(1) ,,prObabilityModels For Geotechnical Aspects Of
Navigation Structures” by Shannon & Wilson, Inc.

(2) “Reliability Assessments of Pile Founded Navigation
Structures” by the St. Paul District.

(3) **GeotechnicalTime Reliability Model Reportr’by the
Geotechnical/Materials Work Group.

(4) ,,ReliabilityModel of Concrete Deterioration Of LOck
Walls Due to Freeze-Thaw and Abrasionat by US Army Corps of
Engineers Waterways Experiment Station, Draft.

b. Site Selection. fm explanation is given if a reliability
model was not implemented for each component at a lock and dam
site. The component and site that was analyzed is given and the
other components and sites that are similar and can be
represented by that component and site are also given.

c. ImDOrtant Deterministic and Random Variables. A listing
of each random and deterministic variable used in the reliability
model for each component of each lock and dam analyzed is given.
The random variable is represented by a expected value or mean
(A) and a standard deviation (u).

d. Weibull Distribution Parameters. The parameters needed
for thethree-parameter Weibull distribution are given for the
current condition of each component and the condition of the
component after it is rehabilitated. .For geotechnical-materials
components there is no enhanced maintenance distribution as there
is for structural components. There exists no systematic
maintenance system like painting to extend the usable life of the
component. Using the three parameters given for the current
condition or the rehabilitated condition of a component with the
equations given in paragraph 3; the reliability (R), the
cumulative distribution function (F), and the hazard function (h)
of a component can be calculated at present and at any time (t)
in the future. The cumulative distribution gives the probability
of failure and the hazard function gives the probability of
failure in a year, given that failure has not occurred. For all
of the above functions, t is taken as zero in 1995.

e. Conseuu ences. The consequences to the navigation system
are given here for each component. These consequences consist of
downtime to the system, operational slowdown of the system, and
cost of repair if a component of the navigation system should
experience unsatisfactory performance. The consequences are
given m terms of a medium level (MC) and a high level
consequence (HC) along with the probability of occurrence of a
medium (P(MC)) and high level consequence (P(IIC)) . Low level
consequences are not given because they were excluded from the
database used to develop the Weibull distributions.

6



f. Cost of Rehabilitation. The cost of rehabilitating a
component prior to an unsatisfactory performance event is given
for each component.

9. Number of Components. For each performance mode, the
number of components in the navigation svstem that are
represented b$ that
the total number of
given.

performance ;ode are-given by District and
components in the navigation system are

7
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UMR-INN NAVIGATION STUDY
OBJECTIVE 2A

FINAL IMPLEMENTATIoN OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

THROUGH SEEPAGE

1. Model Description. The through seepage reliability model was
based on the through seepage analysis for sand levees and dikes
used in the Rock Island District. The method involves
computation of two parameters, the maximum erosion
susceptibility, M,.and the relative erosion susceptibility, R,
which are compared to critical combinations of values for which
provision of toe berms is recommended. These parameters are
functions of the embankment geometry and soil properties. The
following deterministic parameters are required as input: the
pool elevation, the tailwater elevation, and the height of the
embankment. Five variables were treated as random. They
include: the friction angle, the saturated density, Manning’s
coefficient, the traction stress, and the permeability.

2. Site Selection. Because of the large number of locks and
dams in the Rock Island District, only selected sites were
analyzed. Selection was made so that two sites with similar
structural and foundation conditions were not both analyzed.
There are cutoff walls in all overflow dikes, in the storage yard
at Lock and Dam No. 18, and in all dikes at Locks and Dams
Nos. 14, 16, 22, Brandon Road, Dresden Island, and in the non-
overflow dike at LaGrange. There are.no earth dikes at Locks and
Dams Nos. 15, 19, TJ O’Brien, Marseilles, Starved Rock, and
Peoria.

THROUGH SEEPAGE I

Sites Investigated

Lock
and Component
Dam

11 Non-Overflow Dike

Sites in the Same Bracket I

Lock
and Component
Dam I
LSAF I NSP Dike I

2 I Earth Dike I

4 Earth Dike

5 Earth Dike



THROUGH SEEPAGE

Sites Investigated Sites in the Same Bracket

Lock Lock
and Component and Component
Dam Dam

11 Non-Overflow Dike 5A Earth Dike

6 Earth Dike

7 Earth Dike

8 Earth Dike

9 Earth Dike

10 Earth Dike

11 Storage Yard

16 Storage Yard

20 Storage Yard

24 . Storage yard

25 Storage yard

Melvin Esplanade
Price

27 East Earth Embankment

West Earth Embankment

12 Non-Overflow Dike 12 Storage Yard

24 Auxiliary Lock Closure
Dam

Sny Levee

25 Auxiliary Lock Closure
Dam

Sandy Slough Dike
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THROUGH SEEPAGE ‘“”1
Sites Investigated I Sites in the Same Bracket I

Lock
and
Dam

13

Component

Non-Overflow Dike

Lock
and Component
Dam

13 I Storage Yard

17 I Non-Overflow Dike

Storage Yard

21 Storage Yard
—

18 I Non-Overflow Dike I I I
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4. Weibull Distribution Parameters

Cumulative Distribution

Function

e

Lock
md Dam Component

11 Non-Overflow Dike

12 Non-Overflow Dike
13 Non-Overflow Dike
18 Non-Overflow Dike

_——- ___

Current

*

b CY v

1.0 4000 0
1.0 4000 0
1.0 4000 01
1.0 4000 0

Rehabilitated

*

b a’ v

1.0 4000 0

1.0 4000 0
1.0 4000 0
1.0 4000 0

THROUGH4.XL
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6. Cost of Rehabilitation.

THROUGH SEEPAGE

Lock

and Component Rehabilitation Cost
Dam (millions)
LSAF NSP Dike $0.000

2 Earth Dike $2.200

3 Earth Dike $3.200
Spot Dikes $13.130

4 Earth Dike $4.500

5 Earth Dike $14.400

5A Earth Dike $16.000

6 Earth Dike $3.000

7 Earth Dike $5.100

8 Earth Dike $12.000

9 Earth Dike $6.200
10 Earth Dike $3.400
11 Non-Overflow Dike $2.740

Storage Yard $0.160

12 Non-Overflow Dike , $4.640
Storage Yard $0.160

13 Non-Overflow Dike $1.632
Storage Yard $0.160

16 Storage Yard $0.332

17 Non-Overflow Dike $1.476
Storage Yard $0.160

18 Non-Overflow Dike $1.760

20 Storage Yard $0.180

21 Storage Yard $0.160

THROUGH6.XLS
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7. Number of Components.

I THROUGH SEEPAGE

I District I Earth Embankments

I st-. Paul I 12

Rock Island 32

St. Louis 9

I
TOTAL 53
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APPENDIX B - Slope Stability



UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A

FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

SLOPE STABILITY

1. Model Description. UTEXAS2 was used to perform slope
stability calculations. The reliability analysis was performed
in the same manner as a deterministic analysis. The required
inputs for this program are the embankment profile, material
properties, location of the Dhreatic surface, and surface
~re;sures. ” The Corps of Eng;neers’ modified”Swedish procedure
was chosen to calculate the factor of safety. The reliability
index, ~, was determined by the Taylor’s Series Method, with the
soils strength parameters, phi angle, cohesion, unit weight, and
depth of foundation parameters chosen as the random variables.

2. Site Selection. Because of the large number of locks and
dams in the Rock Island District, only selected sites were
analyzed. Selection was made so that two sites with similar
structural and foundation conditions were not both analyzed.
There are no earth dikes at Locks and Dams Nos. 15, 19, TJ
O’Brien, Marseilles, Starved Rock, and Peoria.

SLOPE STABILITY

Sites Investigated Sites in the Same Bracket

Lock Component Lock Component

4-9 Non-Overflow Dike 3 Protection Dike

Non-Overflow Dike

5A Protection Dike

11 Non-Overflow Dike 10 Non-Overflow Dike

11 Storage Yard

16 Storage Yard

Overflow Dike

20 Storage Yard



SLOPE STABILITY

Sites Investigated Sites in the Same Bracket

Lock Component Lock Component

11 Non-Overflow Dike 24 Storage Yard

Sny Levee

Overflow Dike

25 Storage Yard

Sandy Slough Dike

Overflow Dike

Melvin Price Esplande

Overflow Dike

12 Non-Overflow Dike 12 Overflow Dike

Storage Yard 2-1o Storage Yard

17 Storage Yard 13 Storage Yard

Overflow Dike

Non-Overflow Dike

17 Non-Overflow Dike

Overflow Dike

18 Non-Overflow Dike

Overflow Dike 7 Overflow Dike

8 Overflow Dike

B-2



SLOPE STABILITY

Sites Investigated Sites in the Same Bracket

Lock Component Lock Component

18 Overflow Dike 9 Overflow Dike

Storage Yard

21 Overflow Dike

Storage Yard
I

22
I

Storage Yard
I

22
I

Overflow Dike
,

Lock- Right Side Dike
port

Brandon
Road

Dresden
Island

La
Grange

Non-Overflow Dike

Non-overflow Dike

Non-Overflow Dike

14 Non-Overflow Dike

Storage Yard

B-3
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4. Weibull Distribution Parameters

SLOPE STABILITY

Lock Component Current Rehabilitated
and Dam

b a v b . v

USAF Stone Guard Wal1 0.45 35,000 0 0.45 35,000 0

LSAF NSP Dike 0.45 35,000 0 0.45 35,000 0

1 Crib Wall 0.45 35,000 -15450 0.45 35,000 0

2 Earth Dike 0.45 35,000 -0.03 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

3 Earth Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

Spot Dikes 0.45 35,000 -186 0.45 35,000 0

Protection Dike 0.45 35,000 0 0.45 35,000 0

4 Earth Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

5 Earth Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

5A Earth Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

Protection Dike 0.45 35,000 0 0.45 35,000 0

6 Earth Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

7 Earth Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

Submersible Dam 0.45 35,000 0 0.45 35,000 0

8 Earth Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

Submersible Dam 0.45 35,000 0 0.45 35,000 0

9 Earth Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

Submersible Dam 0.45 35,000 0 0.45 35,000 0

10 Earth Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

SLOPE4 WPD
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SLOPE STABILITY

Lock Current Rehabilitated

and Dam Component b a v b a v

11 Non-Overflow Dike 0.45 35,000 0 0.45 35,000 0

12 Non-Overflow Dike 0.45 35,000 -14.28 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

17 Storage Yard 0.45 35,000 0 0.45 35,000 0

18 Non-Overflow Dike 0.45 35,000 0 0.45 35,000 0

Overflow Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

21 Overflow Dike 0.45 35,000 0 0.45 35,000 0

Storage Yard 0.45 35,000 0 0.45 35,000 0

22 Storage Yard 0.45 35,000 0 0.45 35,000 0

24 Auxiliary Lock 0.45 35,000 -503.94 0.45 35,000 0

Closure Dam ,’

25 Auxiliary Lock 0.45 35,000 -503.94 0.45 35,000 0

Closure Dam

27 .Earth Embankment 0.45 35,000 0 0.45 35,000 0

Low Water Dam 0.45 35,000 -6.13 0.45 35,000 0

Lockport Right Side Dike 0.45 35,000 -0.17 0.45 35,000 0

Brandon Non-Overflow Dike 0.45 35,000 -110.51 0.45 35,000 0

Road

Dresden Non-Overflow Dike 0.45 35,000 0 0.45 35,000 0

Island

LaGrange Non-Overflow Dike 0.45 35,000 0 0.45 35,000 0

SLOPE4.XLS
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6. Cost of Rehabilitation.

SLOPE STABILITY
Lock Rehabilitation Cost

and Dam Component (million)

USAF Stone Guard Wall’ $0.480

LSAF NSP Dike $0.000

1 Crib Wall $4.530

2 Earth Dike $2.200

Storage Yard $0.040

3 Earth Dike $3.200
Storage Yard $0.240

Spot Dike $13.130
Protection Dike $1.120

4 Earth Dike $4.500
Storage Yard $0.160

5 Earth Dike $14.400
Storage Yard $0.080

5A Earth Dike $16.000
Storage Yard $0.120

Protection Dike $0.640

6 Earth Dike $3.000
Storage Yard $0.120

7 Earth Dike $5.100
Storage Yard $0.120

Submersible Dam $3.000

8 Earth Dike $12.000
Storage Yard $0.120

Submersible Dam $3.000

9 Earth Dike $6.200

Storage Yard $0.120
Submersible Dam $3.000

10 Earth Dike $3.400
Storage Yard $0.120

11 Non-Overflow Dike $2.720
Storage Yard $0.160

12 Non-Overflow Dike $4.640
Overflow Dike $1.152
Storaae Yard S0.160

B-12
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SLOPE STABILITY

Lock Rehabilitation Cost
and Dam Component (million)

13 Non-Overflow Dike $1.632
Overflow Dike $1.464
Storage Yard $0.160

14 Non-Overflow Dike $0.928
Storage Yard $0.160

16 Non-Overflow Dike $0.584
Storage Yard $0.332

17 Non-Overflow Dike $0.184
Overflow Dike $1.476
Storage Yard $0.160

18 Non-Overflow Dike $1.760
Overflow Dike $1.768
Storage Yard $0.156

20 Storage Yard $0.180

21 Overflow Dike $1.344
Storage Yard $0.160

22 Overflow Dike $1.488
Storage Yard $0.160

24 Auxiliary Lock $5.000
Closure Dam

25 Auxiliary Lock $5.000
Closure Dam

27 Earth Embankment $0.600
Low Water Dam : $5.000

Lackport Right Side Dike $2.400

Brandon Non-Overflow Dike $0.656
Road

Dresden Non-Overflow Dike $0.400

Island

LaGrange Non-Overflow Dike $0.312

SLOPE6.XLS
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7. Number of Components.

SLOPE STABILITY

District Earth Embankments Crib Walls Total

I St. Paul I 28 I

Rock Island 32 0 32

St. Louis 13 0 13

TOTAL 73 1 74
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UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A

FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

GRAVITY STRUCTURES

1. Model Description.

a. Background. Gravity structures are present at rock
founded lock and dam sites on the Upper Mississippi River.
Gravity structures on rock can fail from sliding and overturning. .
The stability of lockwalls was analyzed for both the normal
operating condition and the maintenance condition (unwatered lock
chamber) .

b. Overturning. The overturning model follows the guidance
set in ETL 1110-2-321, ,,Guidan~efor Applying Reliability
Analysis to the Stability of Gravity Structures.” The stability
of the structure is determined by analyzing the loads it is
subjected to and finding the resultant location (X,). The model
determines these loads and their location from the height of
soil, height of water, and earth pressure coefficient on either
side of the structure. The weight of the structure, the center
of mass, any applied load and its location, and the base width
(B) are also required input. The factor of safety is then found
from the equation:

c/D=B/(B-2xR)

The reliability index, ~, was determined by the Taylor’s
Series Method. Six variables were chosen to be treated as random
variables. They include: water level left side of the
structure, water level right side of the structure, earth
pressure coefficient left side of the structure, earth pressure
coefficient right side of the structure, wall friction angle, and
any horizontal loading (used mainly in impact scenarios) . The
percentage of base in compression is determined for each case to
be used in the corresponding sliding analysis.

Slidinq Model. The sliding model was performed using
prog;;m XO075, CSLIDE - Sliding Stability Analysis of Concrete
Structures. The reliability ixdex, (3,was determined by the
Taylor’s Series Method. Eight variables were chosen to be
treated as random variables. They include: soil phi angle, rock
active phi angle, rock active cohesion, rock passive phi angle,
rock passive cohesion, percentage of base in compression,
backfill water level, and any horizontal loading. Where
extensive testing of rock strengths had been performed,
correlation coefficients between cohesion and phi angle were
used.

2. Site Selection. Because of the large number of locks and
dams in the Rock Island District, only selected sites were



analyzed. Selection was made so that two sites with similar
structural and foundation conditions were not both analyzed.
Locks and Dams NOS. 14, 15, 16, 19, 22, Lockport, Brandon Road,
Dresden Island, Marseilles, and Starved Rock are founded on rock.

GRAVITY STRUCTURES

Sites Investigated Sites in the Same Bracket

Lock Lock
and Component and Component
Dam Dam

14 Landwall 15 Landwall

16 Landwall

19 Landwall

20 Landwall

22 Landwall

Lockport Landwall

Brandon Landwall
Road

Dresden Landwall
Island

Marseilles Landwall

Starved Landwall
Rock

I-Wall 15 I-Wall

16 I-Wall

19 I-Wall

20 I-Wall

c-2



GRAVITY STRUCTURES

Sites Investigated Sites in the Same Bracket

Lock Lock
and Component and Component
Dam Dam

14 I-Wall 22 I-Wall

Lockport I-Wall

Brandon I-Wall
Road

Dresden I-Wall
Island

Marseilles I-Wall

Starved I-Wall
Rock

c-3
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4. Weibull Distribution Parameters

GRAVITY STRUCTURES

Cumulative Distribution Current Rehabilitated
Function

Lock b“ a v b a’ v
and Dam Component

USAF Landwall 1.2 470 -0.04 1.2 470 0

Lockl 1.2 470 -70 1.2 470 0

DS Guidewall 1.2 470 -0.8 1.2 470 0
US Guidewall 1.2 470 -205 1.2 470 0

LSAF Lockl 1.2 470 -1.5 1.2 470 0

US Guidewall 1.2 470 -82 1.2 470 0

Dam Piers 1.2 470 =0 1.2 470 0

Non-Overflow 1.2 470 -0.02 1.2 470 0

14 Landwall 1.2 470 0 1.2 470 0
I-Wall 1.2 470 0 1.2 470 0

24 US Guidewall 1.2 470 -1.12 1.2 470 0
DS Guidewall 1.2 470 -373.5 1.2 470 0

Landwall 1.2 470 -1.29 1.2 470 0

(Normal Operating)
Landwall 1.2 470 -2.87 1.2 470 0

(Unwatered)
I-Wall 1.2 470 0 1.2 470 0

27 Eastwall 1.2 470 -2.85 1.2 470 0
(Normal Operating)

Eastwall 1.2 470 -30.98 1.2 470 0

(Unwatered)
I-Wall 1.2 470 0 1.2 470 0

~
Auxiliary Lock 1.2 470 -0.08 1.2 470 0

Westwall
(Normal Operating)

Auxiliary Lock 1.2 470 -4.3 1.2 470 0
Westwall

(Unwatered)

GRAV4.XLS

lLock U-Structure.

C-6
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6. Cost of Rehabilitation

GRAVITY STRUCTURES

Lock

and Component Rehabilitation Cost

Dam (millions)
USAF Landwall $5.8

Lock $5.8
DS Guidewall $5.8
US Guidewall $5.8

=
14 Landwall $5.8

I-Wall $5.8

24 US Guidewall $5.8
DS Guidewall $5.8

Landwall $5.8
(Normal Operating)

Landwall $5.8

(Unwatered)
I-Wall $5.8

27 Eastwall $5.8
(Normal Operating)

Eastwall $5.8

(Unwatered)
I-Wall $5.8

(Normal Operating)
Auxiliary Lock

Westwall $5.8
(Normal Operating)

Auxiliary Lock

Westwall $5.8

(Unwatered)

GRAV6.XLS

123.2 million x (200’/24OQ’).

223.2 million x (208’/2400’) .

c-9



Number of Components.

GRAVITY STRUCTURES

Pool Control
District Lockwalls Guidewalls Dams Total

St. Paul 8 7 8 23

Rock Island 39 18 10 67

St. Louis 5 2 0 7

TOTAL 52 27 18 97

c-lo
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UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A

FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

PILE FOUNDATIONS

1. Model Description. The general approach for calculation of
the reliability index is covered in ETL 1110-2-354 - Reliability
Assessment of Pile-Founded Navigation Structures. The pile
foundation reliability model uses the methodology in the computer
program XO080, CP’GA - Pile Group Analysis. Based on the CPGA
methodology, a spreadsheet was developed to analyze two-
dimensional pile groups to determine their reliability. The
following deterministic parameters are required as input:
constant loading on pile cap (including weight of the structure) ,
pile locations in the group, elastic modulus of pile, length of
pile, axial pile stiffness, and allowable lateral pile
deflection. Seven variables were chosen to be treated as random
variables. They include: soil stiffness, earth pressure
coefficient< impact loading, pile capacity, pile diameter,
allowable compression stress, and allowable bending stress. The
model calculates the reliability index for three different
performance modes: pile capacity, pile stresses, and pile group
deflection.

2. Site Selection.

1 PILE FOUNDATIONS I

I Sites Investigated I Sites inthe Same Bracket I

Lock and Dam Component Lock and Dam Component

11 Landwall 12 Landwall

I-Wall I-Wall

US Guidewall US Guidewall

I DSGuidewall I I DSGuidewall

Dam Piers
I

Dam Piers
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4. Weibull Distribution Parameters

PILE FOUNDATIONS

Lock Current Rehabilitated

nd Dam Component b a v b CY v

2 Landwall 1.0 460 0 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

3 Landwall 1.0 460 -0.2 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.2 1.0 460 0

4 Landwal 1 1.0 460 0 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

5 Landwall 1.0 460 -0.01 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guide-wall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

5A Landwal 1 1.0 460 -0.3 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0
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PILE FOUNDATIONS

Lock Current Rehabi 1itated

and Dam Component b c1 v b ‘a v

6 Landwal 1 1.0 460 0 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewal 1 1.0 460 -170 1.0 460 0

DS Guidewal 1 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.01 1.0 460 0

7 Landwall 1.0 460 -0.01 1.0 460 0

Intermediate Wal 1 1.0 460 0 1.0 460 0

US Guidewal 1 1.0 460 -170 1.0 460 0

DS Guidewal 1 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

8 Landwall 1.0 460 -0.2 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewal 1 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

9 Landwal 1 1.0 460 -0.01 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewal 1 1.0” 460 -170 1.0 460 0

DS Guidewal 1 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

10 Landwal 1 1.0 460 -0.01 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewal 1 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.03 1.0 460 0

11 Landwal 1 1.0 460 -1.2 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewal 1 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.2 1.0 460 0
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Lock Current Rehabilitated

and Dam Component b a v b a v

13 Landwal 1 1.0 460 -0.5 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewal 1 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

16 Landwall 1.0 460 -0.2 1.0 460 0

Intermediate Wal 1 1.0 460 0 1.0 460 0

US Guidewal 1 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.02 1.0 460 0

17 Landwal 1 1.0 460 -0.2 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewal 1 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.01 1.0 460 0

18 Landwal 1 1.0 460 -0.1 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.2 1.0 460 0

20 Dam Piers 1.0 460 -0.2 1.0 460 0

21 Lsndwall 1.0 460 -0.5 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

24 Dam Pier 1.0 460 0 1.0 460 0

25 Landwal 1 1.0 460 -0.26 1.0 460 0

Intermediate Wall 1.0 460 -0.66 1.0 460 0

US Guidewal 1 1.0 460 -3.39 1.0 460 0

DS Guidewal 1 1.0 460 -612.03 1.0 460 0

Dam Pier Tainter Gate 1.0 460 0 1.0 460 0

Dam Pier Roller Gate 1.0 460 0 1.0 460 0
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I PILE FOUNDATIONS I
Lock Current Rehabilitated

and Dam Component b a v b a v

Mel Price Aux. Lock T-E Guidewall 1.0 460 0 1.0 460 0

Am. Lock DS Guidewall 1.0 460 0 1.0 460 0

Au. Lock Monolith 1.0 460 0 1.0 460 0

Main Lock US Guidewall 1.0 460 0 1.0 460 0

Main Lock DS Guidewal 1 1.0 460 0 1.0 460 0

Main Lock Monolith 1.0 460 0 1.0 460 0

Dam Pier 1.0 460 0 1.0 460 0

2’7 US Guidewal1 1.0 460 -6.28 1.0 460 0

DS Guidewall 1.0 460 -2.35 1.0 460 0

Peoria Landwal1 1.0 460 -0.05 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

LaGrangel Landwall 1.0 460 -0.01 1.0 460 0

Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewal1 1.0 460 -170 1.0 460 0

DS Guidewal1 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

PILE4.XLS

lFlashboardStructure.
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6. Cost of Rehabilitation.

PILE FOUNDATIONS

Lock

and Component Rehabilitation Cost
Dam (millions)

2 Lockwalls $3.0

3
4

5
5A US Guidewalls $3.5

6
7

8
9 DS Guidewalls $3.5
10

11
13

16 Dam Piers $12.0
17
18

20
21

24 Dam Pier $12.0

25 Landwall $3.0
(Normal Operating)

I-Wall $3.0

(Normal Operating)
US Guidewall $3.5

DS Guidewall $3.5

Dam Pier $12.0

Tainter Gate

Dam Pier $12.0
Roller Gate
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Lock
and Component Rehabilitation Cost

Dam (millions)

Melvin Price Auxiliary Lock $3.5

US Guidewall
Auxiliary Lock $3.5

DS Guidewall

Auxiliary Lock $3.0

Monolith

Main Lock $3.5

US Guidewall

Main Lock $3.5

DS Guidewall
Main Lock $3.0

Monoliths

Dam Pier $12.0

27 US Guidewalls $3.0

DS Guidewalls $3.5

Peoria Lockwalls $3.0

LaGrange US Guidewalls $3.5

DS Guidewalls $3.5

Dam Pier $12.0

PILE6.XL<
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7. Number of Components.

PILE FOUNDATIONS

Pool Control
District Lockwalls Guidewalls Dams Total

St. Paul 32 21 16 69

Rock Island 29 24 10 63

St. Louis 5 8 3 16

TOTAL 66 53 29 148

D-14
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UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A

FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/CIATERIALS MODELS

UNDERSEEPAGE

1. Model Description. Underseepage reliability analyses were

accomplished by the finite element model (FEM), the method of
fragments model, the Corps’ method for levee underseepage
analysis model, and the St. Paul District method.

a. FEM Model. Underseepage was analyzed at earth
embankments that retain pool by the development of flow nets.
These flow nets were developed with the finite element computer
program, X8202 - A Plane and Axisymmetric Finite Element Program
for Steady-State Seepage Problems. The program requires a
profile of the embankment and foundation, the permeability of any
materials in the profile, and the water pressure on regions where
flow is permitted through the boundary of the profile. Resulting
heads and corresponding exit gradients can be determined with the
flow nets.

The reliability index, O, is determined by the Taylor’s
Series Method from the factor of safety against seepage failure.
The only variable chosen as random was the ratio of horizontal
permeability to vertical permeability. The actual value of
permeability does vary, but only the ratio of horizontal
permeability to vertical permeability affects the exit gradient.

b. Method of Fraqments Model.

(1) POO1 Control Dams.

(a) Underseepage was analyzed at pool control dams
by the method of fragments. This method is presented in .EM 1110-
2-1901, Seepage Analysis and Control for Dams, Appendix B. A
pool control dam consists of a number of concrete piers. Between
each concrete pier is a steel tainter gate or roller gate. These
gates are raised or lowered as necessary to maintain the pool at
the required elevation. So, a pool control dam consists of
concrete piers supporting either tainter gates or roller gates.
When the term tainter or roller gate is used, it is referring to
the pier that supports that type of gate.

(b) The geometry of the problem and water elevation
at the boundaries are used to find the seepage gradient. High
seepage gradients can form beneath or downstream of the dam
piers, causing piping of the foundation material to occur.
Piping is the removal of material from the foundation due to high
seepage gradients. The material is either piped through dam pier
monolith joints, weep holes, or occurs downstream of the dam.
Removal of dam pier foundation material will lead to instability
of the dam pier. The dam will slide or rotate downstream causing



a break in the damming surface. A break in the damming surface
will quickly lead to loss of pool and serious erosion of the
foundation of the adjacent piers. The reliability index, 13,is
determined by the Taylor’s Series Method from the exit gradients.
Three variables were chosen to be treated as random variables:
upstream sheetpile length, effective base length, and scour
downstream of the dam. The deviation of the sheetpile length is
to account for any windows that could be present in the cutoff.
The effective base length varies as the ratio of the horizontal
permeability to the vertical permeability varies.

(2) Lock Chambers. A method of fragments model was also
used to determine the reliability index for unwavering of lock
chambers. Seepage enters the foundation riverside of a lockwall,
flows under a partially penetrating sheetpile cutoff wall under
the lockwall, and flows upward to the lock floor. The geometry
of the lockwall and the interior and exterior water elevations
are used to find the seepage gradient. The seepage gradient
below the lock floor can be so high that it causes sand boils to
form at the lock floor joints and through the weep holes in the
lock floor. High seepage gradient causes foundation material
from beneath the lock floor and the lock walls to flow into the
lock chamber. Sand boils left uncontrolled or uncontrollable
will lead to the instability of the lockwall, which means the
lockwall will collapse into the lock chamber. The reliability
index, D, is determined by the Taylor’s Series Method from the
exit gradients. Two variables were chosen to be treated as
random variables: the sheetDile cutoff wall lenath and the decth
of the foundation material t: bedrock. Table 1 ~ists each loci
and the approximate time between unwavering events.

TABLE 1
TIME BETWEEN LOCK UNWAVERING EVENTS

Lock Approximate Time Between
Unwavering Events (Years)

USAF 15

LSAF 15

Locks 1 15

Lock 2 15

Old Lock 2 Not Scheduled. Emergency Only.

Lock 3 15

Lock 4 15

E-2



Lock Approximate Time Between
Unwavering Events (Years)

Lock 5 15

Lock 5A 15

Lock 6 15

Lock 7 15

Lock 8 15

Lock 9 15

Lock 10 15

Lock 14 20

Lock 15 20

Lock 16 20

Lock 19 20

Lock 22 20

Lockport 15

Brandon Road 15

Dresden Island 15

Marseilles 15

Starved Rock 15

Lock 24 25

Lock 25 15

Melvin Price 20
Auxiliary Lock

Melvin Price 10
Main Lock

Locks 27 10
Main Lock

Locks 27 10
Auxiliary Lock

E-3



c. Corps’ Method for Levee Underseepaqe Analvsis.

Underseepage analyses were performed on earth embankment sections

that retain pool, in accordance with EM 1110-2-1913 - Design and
Construction of Levees. The effective blanket thickness, blanket
permeability, and uplift gradients at the earth embankment toe
were computed based on the above guidance document. The pool
entrance conditions were evaluated to determine the minimum
effective entrance distance. The tailwater exit conditions
assumed that the exit distances (Xj)were based on the effective
thickness and permeability of the tailwater side blanket at the
earth embankment toe. The equations and correlations presented
in the above documents have been incorporated into a spreadsheet
that determines the exit gradient (i.Xit)at the tailwater side
toe. The analyses to predict the probability of unsatisfactory
performance were performed in accordance with ETL 1110-2-547 -
Introduction to Probability and Reliability Methods for Use in
Geotechnical Engineering. The Taylor’s Series Method was used to
obtain the expected value and standard deviation for the factor
of safety against seepage failure. The probability of
unsatisfactory performance was determined from the reliability
index which was calculated from the expected value and standard
deviation of the factor of safety against seepage failure. Three
parameters required for the underseepage analysis were selected
to be random: permeability of the aquifer (K,), permeability Of
the top stratum (Kbl), and thickness of the top Stratum (%) .

d. St. Paul Method. The general approach for calculation of
the reliability index is covered in Chapter 4 of the Shannon.and
Wilson report dated 21 January 1994 (.ContractDACY143-91-D-0503).
This approach assumes a critical state failure consisting of
uplift or piping of the landside blanket. Some
modifications/additions to the Shannon and Wilson approach were
made. A second order Taylor’s series approximation for the
second moment was used to reduce modeling errors associated with
high variances. Since the uplift failure mode is hyper-sensitive
to the landside blanket thickness, results were checked by
analysis of slope stability effected by substratum pressure.
Calculations and description of the method are discussed in the
draft report titled ,,piPing/Uplift and Slope stabilitY of Earth
Dikes Under Steady State Seepage” dated March 1995 by the
St. Paul District. This model was only used by the St. Paul
District.

e. Underseepage was subdivided into the following three
separate models: underseepage for lock unwavering, underseepage
for pool control dams, and underseepage for earth embankments.
The results are presented as follows:

E-4



UNDERSEEPAGE FOR LOCK UNWAVERING

2. Site Selection.

UNDERSEEPAGE FOR LOCK UNWAVERING

Sites Investigated

Lock and Dam

11

Component

Intermediate
Wall

1

Sites in the Same Bracket I

Lock and Dam I Component I

USAF I-Wall

LSAF I-Wall

1 I I-Wall I
2 I I-Wall I

5A I I-Wall I

6 I I-Wall I

10 I I-Wall I

Melvin Price I Main Lock I

I Auxiliary
Lock I

E-5
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6. Cost of Rehabilitation.

UNDERSEEPAGE FOR LOCK UNWAVERING

Lock

and Component Rehabilitation Cost
Dam (millions)

11 Intermediate Wall $0.64
12 Intermediate Wall $0.64
13 Intermediate Wall $0.64
16 Intermediate Wall $0.64
17 Intermediate Wall $0.64
18 Intermediate Wall $0.64
21 Intermediate Wall $0.64
25 Lock Chamber $3.00

TJ O’Brien Intermediate Wall $0.64
Peoria Intermediate Wall $0.64

LaGrange Intermediate Wall $0.64

LOCKUW6.XLS
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7. Number of Components.

UNDERSEEPAGE FOR LOCK UNWAVERING

District I Locks

St. Paul 13

Rock Island 17

St. Louis
.,.

3

TOTAL I 33

E-10



UNDERSEEPAGE FOR POOL CONTROL DAMS

2. Site Selection.

a. Rock Island. Because of the large number of locks and
dams in the Rock Island District, only selected sites were
analyzed. Selection was made so that two sites with similar
structural and foundation conditions were not both analyzed.
Locks and Dams Nos. 14, 15, 16, 19, 20 (only lock structure), 22,
Lockport, Brandon Road, Dresden Isiand, Marseilles, and Starved
Rock are founded on rock. There are no earth dikes at Locks and
Dams Nos. 15, 19, TJ O’Brien, Marseilles, Starved Rock, and
Peoria.

b. St. Paul. Because of the large number of locks and dams
in the St. Paul District, only the roller gate piers were
analyzed, except at Dam 2, where only tainter gates exist.
Preliminary analyses showed the roller gates piers were slightly
more critical than the tainter gates piers.

UNDERSEEPAGE FOR POOL CONTROL DAMS

Sites Investigated Sites in the Same Bracket

Lock Lock &
&Dam Component Dam Component

11 Roller Gates 11 Tainter Gates

16 Tainter Gates

Roller Gates

Fixed Crest Dam

12 Tainter Gates 17 Tainter Gates

Roller Gates 17 Roller Gates

13 Tainter Gates

Roller Gates

E - n



UNDERSEEPAGE FOR POOIJCONTROL DAMS

Sites Investigated Sites in the Same Bracket

Lock Lock &
&Dam Component Dam Component

18 Tainter Gates

Roller Gates

20 Tainter Gates

Roller Gates

21 Tainter Gates

Roller Gates

TJ Fixed Dam TJ Control Dam
O’Brien O’Brien

La Regulating Weir Peoria Regulating Weir
Grange

Navigable Weir Peoria Navigable Dam

E-12
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4. Weibull Distribution Parameters.

I UNDERSEEPAGE FOR THE POOL CONTROL DAMS
1 1 I

Cumulative Distribution Current

Function

Lock

and Dam Component b CY v

LSAF Gravity Wall 1.2 360 -0.2

2 Tainter Gates 1.2 360 0
3 Dam Pier 1.2 360 0
4 Roller Gates 1.2 360 0

5 Roller Gates 1.2 360 0
5A Roller Gates 1.2 360 0
6 Roller Gates 1.2 360 0
7 Roller Gates 1.2 360 0
8 Roller Gates 1.2 360 0

9 Roller Gates 1.2 360 0
10 Roller Gates 1.2 360 0
11 Roller Gates 1.2 360 0
12 Tainter Gates 1.2 360 0

Roller Gates 1.2 360 0
13 Tainter Gates 1.2 360 0

Roller Gates 1.2 360 0
18 Tainter Gates 1.2 360 0

Roller Gates 1.2 360 0
20 Tainter Gates 1.2 360 0

Roller Gates 1.2 360 0
21 Tainter Gates 1.2 360 0

Roller Gates 1.2 360 0
24 Concrete Dam 1.2 360 ,0
25 Concrete Dam 1.2 360 0

Mel Price Concrete Dam 1.2 360 0
TJ O’Brie~ Fixed Dam 1.2 360 0

Control Dam 1.2 360 0
LaGrange Regulating Weir 1.2 360 -0.64

Navigable Weir 1.2 360 -1.23

Rehabilitated

1.2 I 360 I o

#2%-

a3&
ZEEE

POOL4.XL!
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5. Conseuuences.

UWDERSEEPAGE FOR THE PcX3L COWTROL DAMS

Medium Level of High Level of

consequences (MC) Consequences IHc)

Lock Nav. Nav.

and component Down Repair DOW Repair

Dam P [MC) Tim. costs P (Hc) Time costs

(days) (million) (days) (million)

LSAF Gravity Wal 1 0.95 1 $2.0 0.05 20

2

$100.0

Tainter Gates 0.95 1 .$2.0 0.05 20 $350.0

3 DatnPier 0.95 1 $2.0 0.05 20 $350.0

4 Roller Gates 0.95 1 .$2.0 0.05 20 $350.0

5 Roller Gates 0.95 1 $2.0 0.05 20 $350.0

5A Roller Gates 0.95 1 $2.0 0.05 20 $350.0

6 Roller Gates 0.95 1 $2.0 0.05 20 $350.0

-1 Roller Gates 0.95 1 $2.0 0,05 20

8

$350.0

Roller Gates 0.95 1 $2.0 0.05 20

9

$350.0

Roller Gates 0.95 1 $2.0 0.05 20 $350.0

10 Roller Gates 0.95 1 $2.0 0.05 20 $350.0

11 Tainter Gates 0.95 1 $2.0 0.05 20 $350.0

Roller Gates ., 0.95 1 S2.O 0.05 20 $350.0

12 TainterGates 0.95 1 $2.0 0.05 20 $350.0

Roller Gates 0.95 1 $2.0 0.05 20 $350.0

13 TainterGates 0.9S 1 $2.0 0.05 20 $350.0

Roller Gates 0.95 1 $2.0 0.05 20 $350.0

16 TainterGates 0.95 1 $2.0 0.05 20 $350.0

Roller Gates 0.95 1 $2.0 0.05 20 $350.0

Fixed Crest Dam 0.95 1 $2.0 0.05 20 $350.0

17 TainterGates 0.95 1 S2.O 0.05 20 $350.0

Roller Gates 0.95 1 S2.O 0.05 20 $350.0

18 TainterGates 0.95 1 $2.0 0.05 20 $350.0

Roller Gates 0.95 i $2.0 0.05 20 $350.0

20 Tainter Gates 0.95 1 S2.O 0.05 20 $350.0

Roller Gates 0.95 1 $2.0 0.05 20 $350.0

21 Tainter Gates 0.95 1 $2.0 0.05 20 $350.0

Roller Gates 0.95 1 $2.0 0.05 20 $350.0

24 ConcreteDam 0.95 1 $2.0 0.05 20 $350.0

25 ConcreteDam 0.95 1 S2.O 0.05 20 $350.0

Mel Price Concrete Dam 0.95 1 $2.0 0.05 20 $350.0

TJ 01Brien Fixed Dam 0.95 1 $2.0 0.05 20 $350.0

Control Dam 0.95 1 $2.0 0.05 20

Peoria

$550.0

Regulating Weir 0.95 1 $2.0 0.05 20 $350.0

Navigable Dam 0.95 1 S2.O 0.05 20 $350.0

LaGrange Requlatinq Weir 0.95 1 $2.0 0.05 20 $350.0

Navigable Dam 0.95 1 +2.0 0.05 20 $350.0

P@L5 XL2
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6. Cost of Rehabilitation.

ONDERSEEPAGE FOR POOL CONTROL DAMS ,

Lock
and Component Rehabilitation Cost
Dam (millions)
LSAF Gravity Wall $4.0
2 Tainter Gates $12.0
3 Dam Pier $12.0
4 Roller Gates $12.0
5 Roller Gates $12.0
5A Roller Gates $12.0
6 Roller Gates $12.0
-1 Roller Gates $12.0
8 Roller Gates $12.0
9 Roller Gates $12.0
10 Roller Gates $12.0
11 Tainter Gates $12.0

Roller Gates $12.0
12 Tainter Gates $12.0

Roller Gates $12.0
13 Tainter Gates $12.0

Roller Gates $12.0
16 Tainter Gates $12.0

Roller Gates $12.0
Fixed Crest Dam $12.0

17 Tainter Gates $12.0
Roller Gates $12.0

18 Tainter Gates $12.0
Roller Gates $12.0

20 Tainter Gates $12.0
Roller Gates $12.0

21 Tainter Gates $12.0
Roller Gates $12.0

24 Concrete Dam $12.0
25 Concrete Dam $12.0

Mel Price Concrete Dam $12.0
TJ O’Brien Fixed Dam $12.0

Control Dam $12.0
Peoria Regulating Weir $12.0

Navigable Dam $12.0
LaGrange Regulating Weir $12.0

Navigable Dam $12.0

POOL6.XLS
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7. Number of CornDOnents.

IJNDERSEEPAGE FOR POOL CONTROL DAMS

District Pool Control Dams

St. Paul 23

Rock Island 10

St. Louis 3

TOTAL 36

E-17



UNDERSEEPAGE FOR FARTE EMEANKhlENTS

2. Site Selection. Because of the large number of locks and
dams in the Rock Island District, only selected sites were
analyzed. Selection was made so that two sites with similar
structural and foundation conditions were not both analyzed.
Locks and Dams Nos. 14, 15, 16, 19, 22, Lockport, Brandon Road,
Dresden Island, Marseilles, and Starved Rock are founded on rock.
There are no earth dikes at Locks and Dams Nos. 15, 19, TJ
O’Brien, Marseilles, Starved Rock, and Peoria.

DNDERSEEPAGE FOR EARTH EMBANKMENTS

Sites Investigated Sites in the Same Bracket

Lock Lock&
&Dam Component Dam Component

11 Non-Overflow Dike 11 Storage Yard

16 Storage Yard

20 Storage Yard

24 Storage Yard

25 Storage Yard

27 East Earth Embankment

West Earth Embankment

12 Non-Overflow Dike 12 Storage Yard

13 Non-Overflow Dike 13 Storage Yard

17 Non-Overflow Dike

Storage Yard

E-18



UNDEi7SEEPAGE FOR EARTH EMBANKMENTS

Sites Investigated Sites in the Same Bracket

Lock Lock&
&Dam Component Dam Component

13 Non-Overflow Dike 21 Non-Overflow Dike

Storage Yard

18 Non-Overflow Dike 18 Storage Yard

LaGrange Non-Overflow Dike

24 Overflow Dike 24 Sny Levee

25 Auxiliary Lock Closure
Dam

E-19



3
.

I
m
u
o
r
t
a
n
t

D
e
t
e
r
m
i
n
i
s
t
i
c

a
n
d

R
a
n
d
o
m

V
a
r
i
a
b
l
e
~
.

u
N

D
E

R
.5

F
iE

P
A

5E
F

O
R

E
A

R
T

H
E

M
S

~W
E

N
T

S

R
an

d
om

V
a
ri

a
b
le

,

T
C

,P
B

la
n

k
et

l’b
ic

k
r,

es
s

F
c.

u
n

d
a
t
i
cm

L
oc

k
se

ep
a
ge

L
en

gt
h

D
b
l

D
b
r

A
q
u

if
er

cr
it

ic
a
l

a
n

d
C

.a
m

p
.n

ez
t

(f
ee

t]
(f
ee

t)
(f
ee

t]
T
b
ic

k
n

es
a

(f
ee

t)
K

f/
m

l
K

f
/
K

b
r

G
ra

d
ie

n
t,

i.

D
am

u
o

P
o

0
0

P
o

!J
o

!J
0

v
o

L
S

A
F

N
S

P
D

ik
e

h
em

m
ed

O
gr

ea
te

r
th

an
4

b
y

en
gi

n
ee

ri
n

g
ju

d
gm

en
t,

2
N

on
-
O

V
er

f
lo

w
D

ik
e

8
0
o

3
0
0

7
2
7

2
3
5

1
5

3
0
0

1
5
0

3
0
0

1
5
0

0
,
9
2

0
.
2
,

3
N

on
-o

ve
rf

lo
w

D
i
k
e

I
0
,
9
2

0
,
3
7

S
p
o
t

D
ik

es
A

ss
u

m
e

P
rl

u
)

.1
0
%

in
5
0

ye
a
r.

,
b
a
se

d
O

.
D

eB
ig

.
ti

.l
ys

i.
R

ep
or

t
a
n

d
P
re

se
n

t
P
IW

P
O

S
,l

f.
,

R
eh

ab
,

4
N

o.
-0

V
er

fl
.a

w
D

ik
e

8
0
0

4
0
0

7
2

7
2

5
0

2
5

2
0
0

1
0
0

2
0
0

1
0
0

0
.9

2
0
,3

7

5
N

C
m

-O
V

eZ
fl
.W

D
ik

e
8
0
0

4
0
0

7
2

7
2

5
0

2
5

5
0

2
5

5
0

2
5

0
.9

2
0
,,
,

5
A

N
on

-o
ve

rf
lo

w
D

ik
e

8
0
0

4
0
0

7
2

7
2

5
0

2
5

3
0
0

1
5
0

1
0
0

1
5
0

0
,9

2
0
,3

7

6
N

on
-o

ve
rf

lo
w

D
i
k
e

0
0
0

4
0
0

7
2

1
2

m
-

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
5
0

2
5

1
0
0

5
0

1
0
0

5
0

0
.
9
,
?

0
,
3
,

N
o
n
-
O
V
e
r
f
l
c
.
wD
i
k
e

0
0
0

4
0
0

7
2

7
2

L
5
0

2
5

l
B
O

5
*

1
0
D

5
0

0
.
9
2

0
,
3
7

0
O
v
e
r
f
l
o
w
D
i
k
e

8
1
0
0

5
0

1
0
0

5
0

0
.
9
2

0
.
3
7

O
v
e
r
f
l
o
w
D
i
k
e

k
s
s
u
m
e
a
P
g
r
e
a
t
e
r
t
h
a
n
4
b
y
e
n
g
i
n
e
e
r
i
n
g
j
u
d
g
e
m
e
n
t
.

9
N
o
n
-
o
v
e
r
f
l
o
w
D
i
k
e

8
0
0

4
0
0

7
2

7
2

5
0

2
5

5
0

2
5

5
0

2
5

0
,
9
2

0
.
3
7

o
v
e
r
f
l
o
w
D
i
k
e

.r
.s

m
u

ae
d

p
gr

ea
te

r
th

an
4

b
y

en
gi

n
ee

ri
n

g
ju

d
ge

m
en

t,

1
0

N
on

-
O

V
er

fl
O

w
D
i
k
e

1
1

N
o
n
-
0v
e
X
f
1
c
n
4D
i
k
e

6
2
.
4

6
2
,
4

1
8
8

3
7
.
6

2
0
0

1
0
0

8
0
0

4
0
0

1
2

N
o
”
-O
V
e
x
f
l
o
w
D
i
k
e

1
3

5
.
2

1
3

5
.
2

1
2
5

2
s

2
0
0

1
0
0

8
0
0

4
0
0

1
3

N
o
n
-
o
v
e
r
f
l
o
w
D
i
k
e

8
3
,
2

B
3
.
2

1
0
0

2
0

>
0
0

1
0
0

S
o
o

4
0
0

1
8

N
o
n
-
O
v
e
r
f
l
o
w
D
i
k
e

6
2
,
4

6
2
.
4

1
2
7

2
5
.
4

2
0
0

1
0
0

8
0
0

4
0
0

2
4

o
v
e
r
f
l
o
w

D
ik

e
5

4
5

4

2
5

O
ve

rf
lo

w
D

ik
e

s
4

5
4

A
.s

u
m

ed
P

.
2

b
y

en
gi

n
ee

ri
n

g

M
P

sh
ee

t
P
il
e

ce
ll

A
sm

u
re

d
P

gr
ea

te
r

th
an

4
b
y

●
n

q
in

ee
ri

q
ju

d
ge

m
en

t

ov
er

fl
ow

D
ik

e
A

se
u

m
ed

O
gr

ea
te

r
th

an
4

b
y

en
gi

n
ee

ri
n

g
ju

d
ge

m
en

t

L
aO

ra
n

e
N

O
n

-O
V

*r
fl

O
W

D
ik

e
g

A
ss

u
m

ed
P

gr
ea

te
r

th
an

5
b
y

en
g.

in
.e

ri
n

.g
j
u

d
ge

m
en

t.

E
A

R
T

H
3W

.
X

L
S



4. Weibull Distribution Parameters.

UNDERSEEPAGE FOR EARTH EMBANKMENTS

Cumulative Distribution Current Rehabilitated
Function

Lock

and Dam Component b c1 v b a v

LSAF NSP Dike 1.2 360 0 1.2 360 0
2 Non-Overflow Dike 1.2 360 0 1.2 360 0
3 Non-Overflow Dike 1.2 360 0 1.2 360 0

Spot Dikes 1.2 360 -5.19 1.2 360 0
4 Non-Overflow Dike 1.2 360 0 1.2 360 0
5 Non-Overflow Dike 1.2 360 0 1.2 360 0
5A Non-Overflow Dike 1.2 360 0 1.2 360 0
6 Non-Overflow Dike 1.2 360 0 1.2 360 0
7 Non-Overflow Dike 1.2 360 0 1.2 360 0

Overflow Dike 1.2 360 0 1.2 360 0
8 Non-Overflow Dike 1.2 360 0 1.2 360 0

Overflow Dike 1.2 360 0 1.2 360 0
9 Non-Overflow Dike 1.2 360 0 1.2 360 0

Overflow Dike 1.2 360 0 1.2 360 0
10 Non-Overflow Dike 1.2 360 0 1.2 360 0
11 Non-Overflow Dike 1.2 360 0 1.2 360 0
12 Non-Overflow Dike 1.2 360 -4.51 1.2 360 0
13 Non-Overflow Dike 1.2 360 -42.2 1.2 360 0

18 Non-Overflow Dike 1.2 360 -173.64 1.2 360 0
24 Overflow Dike 1.2 360 0 1.2 360 0
25 Sandy Slough Dike 1.2 360 -15.53 1.2 360 0

Overflow Dike 1.2 360 0 1.2 360 0
MP Sheet Pile Cell 1.2. 360 0 1.2 360 0

Overflow Dike 1.2 360 0 1.2 360 0
LaGrange Non-Overflow .Dike 1.2 360 0 1.2 360 0

EARTH4.XLS
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5. Consequ ences.

UNDERSEEPAGEFOR EARTH EMBANKMENTS

Medium Leve 1 of High Level of

Consequences (MC) Consequences (He)

Lock Nav. Nav.

and Component Down Repair Down Repair

Dam P(MC) Tim costs P(Hc) Time costs

(days) (million) (days)

LSAF

(million)

NSP Dike 0.9 1 $0.0 0.1 20

2

$0.00

Non-Overflow Dike 0.9 1 $0.5 0.1 20

3

L%.20

Non-Overflow Dike 0.9 1 $0.5 0.1 20 $5.20

Spot Dikee 0.9 1 $0.5 0.1 20

4

$14.00

Non-overflow Dike 0.9 1 $0.5 0.1 20
5

$6.50

Non-Overflow Dike 0.9 1 $0.5 0.1 20

5A
$16.40

Non-Overflow Dike 0.9 1 $0.5 0.1 20

6

$18.00

Non-overflow Dike 0.9 1 $0.5 0.1 20 $5.00

7 Non-overflow Dike 0.9 1 $0.5 0.1 20 $7.10

Overflow Dike 0.9 1 $0.5 0.1 20
8

$5.00

Non-Overflow Dike 0.9 1 SO.5 0.1 20 $14.00

Overflow Dike 0.9 1 $0.5 0.1 20

9

$5.00

Non-Overflow Dike 0.9 1 $0.5 0.1 20 $8.20

Overflow Dike 0.9 1 $0.5 0.1 20

10

$5.00

Non-Overflow Dike 0.9 1 $0.5 0.1 20 $5.40

11 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $4.72

Storage Yard 0.9 1 $0.5 0.1 20 .$2.16
12 Non-overflow Dike 0.9 1 $0.5 0.1 20 $6.64

Storage Yard 0.9 1’ $0.5 0.1 20

13

$2.16

Non-Overflow Dike 0.9 1 $0.5 0.1 20 $3.632

Storage Yard 0.9 1 $0.5 0.1 20

16

$2.16

Storage Yard 0,9 1 $0.5 0.1 20 $2.332

17 Nc.n-Overfow Dike 0.9 1 $0.5 0.1 20 $2.184
Storaqe Yard 0.9 1 $0.5 0.1 20 $2.16

18 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $3.76

Storage Yard 0.9 1 $0.5 0.1 20 $2.156

20 Storaqe Yard 0.9 1 $0.5 0.1 20

21

$2.18

Storage Yard 0.9 1 $0.5 0.1 20

24

$.2.16

Overflow Dike 0.9 1 $0.5 0.1 20

25

$10. OD

Sandy Slough Dike 0.9 1 $0.5 0.1 20 $5.80

Overflow Dike 0.9 1 $0.5 0.1 20

MP

$10.00

Sheet Pile Cell 0.9 1 $0.5 0.1 20 $2.25

Overflow Dike 0.9 1 $0.5 0.1 20 $3.60

LaGrange Non-overflow Dike 0.9 1 $0.5 0.1 20 $2.312

EARTH5 XLs
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6. Cost of Rehabilitation.

UNDERSEEPAGE FOR EARTH EMBANKMENTS

Lock

and Component Rehabilitation Cost
Dam (millions)

LSAF NSP Dike $0.00
2 Non-Overflow Dike $2.20
3 Non-Overflow Dike $3.20

Spot Dikes $13.13
4 Non-Overflow Dike $4.50
5 Non-Overflow Dike $14.40
5A Non-Overflow Dike $16.00
6 Non-Ovexflow Dike $3.00
7 Non-Overflow Dike $5.10

Overflow Dike $3.00
8 Non-Overflow Dike $12.00

Overflow Dike $3.00
9 Non-Overflow Dike $6.20

Overflow Dike $3.00
10 Non-Overflow Dike $3.40
11 Non-Overflow Dike $2.74

Storage Yard $0.16
12 Non-Overflow Dike $4.64

Storage Yard $0.16
13 Non-Overflow Dike $1.63

Storage Yard $0.16
16 Storage Yard $0.33
17 Non-Overflow Dike $1.48

Storage Yard $0.16
18 Non-Overflow Dike $1.76

Storage Yard $0.16
20 Storage Yard $0.18
21 Storage Yard $0.16
24 Overflow Dike $5.00
25 Sandy Slough Dike $3.80

Overflow Dike $5.00
MP Sheetpile Cell $0.25

Overflow Dike $1.60
LaGrange Non-Overflow Dike $0.31

EARTH6.XLS

E-23



7. Number of Components.

UNDERSEEPAGE FOR EARTH EMBANKMENTS

District Earth Embankments

St. Paul 15

Rock Island 26

St. Louis. 11

TOTAL 52

E-24
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UMR-IWW NAVIGATION STDDY
OBJECTIVE 2A

FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

SCOUR PROTECTION DOWNSTREAM OF THE DAN

1. Model Description. Determination of present
conditions/reliability was made by determining at what future
date the probability of unsatisfactory performance would be 50%.
These determinations were made using the present condition of the
scour protection and engineering judgement.

2. Site Selection. This section includes scour protection
downstream of the dam at all sites.



3. Important Deterministic and Random Variables.

SCOOR3.XLS
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4. Weibull Distribution Parameters.

SCOUR PROTECTION DOWNSTREAM

Current Rehabilitated

Lock

and Dam b G- V b a v

USAF 0.9 64 0 0.9 64 0
LSAF 0.9 64 0 0.9 64 0
1 0.9 64 0 0.9 64 0
2 0.9 64 0 0.9 64 0
3 0.9 64 0 0.9 64 0
4 0.9 64 0 0.9 64 0
5 0.9 64 0 0.9 64 0
5A 0.9 64 0 0.9 64 0
6 0.9 64 0 0.9 64 0
7 0.9 64 0 0.9 64 0
8 0.9 64 0 0.9 64 0
9 0.9 64 0 0.9 64 0
10 0.9 64 0 0.9 64 0
11 0.9 64 0 0.9 64 0
12 0.9 64 0 0.9 64 0
13 0.9 64 0 0.9 64 0
14 0.9 64 .0 0.9 64 0
15 0.9 64 0 0.9 64 0
16 0.9 64 0 0.9 64 0
17 0.9 64 0 0.9 64 0
18 0.9 64 0 0.9 64 0
19 0.9 64 0 0.9 64 0
20 0.9 64 0 0.9 64 0
21 0.9 64 0 0.9 64 0
22 0.9 64 0 0.9 64 0
24 0.9 64 0 0.9 64 0
25 0.9 64 0 0.9 64 0

Mel Price 0.9 64 58.0 0.9 64 0
27 0.9 64 0 0.9 64 0

TJ OIBrien 0.9 64 0 0.9 64 0
LOC kport 0.9 64 0 0.9 64 0

Brandon Road 0.9 64 0 0.9 64 0
Dresden Islsnd 0.9 64 0 0.9 64 0

Marseilles 0.9 64 0 0.9 64 0
Starved Rock 0.9 64 0 0.9 64 0

Peoria 0.9 64 0 0.9 64 0
LaGrsnge 0.9 64 0 0.9 64 0

SCOUR4.XLS
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5. Conseuuences.

SCOUR PROTECTION DOWNSTREAM

Medium Level of High Level of

Consequences (MC) Consequences (HC)

Lock Nav. Nav.

and Down Repair Down Repair

Dam P (MC) Time costs P (HC) Time costs

(days ) (million) (days ) (million)

USAF 0.9 0 $0.5 0.1 0 $3.0
LSAP 0.9 0 $0.5 0.1 “o $3.0
1 0.9 0 $0.5 0.1 0 $3.0
2 0.9 0 $0.5 0.1 0 $3.0
3 0.9 0 $0.5 0.1 0 $3.0
4 0.9 0 $0.5 0.1 0 $3.0
5 0.9 0 $0.5 0.1 0 $3.0
5A 0.9 0 $0.5 0.1 0 $3.0
6 0.9 0 $0.5 0.1 0 $3.0
7 0.9 0 $0.5 0.1 0 $3.0
8 0.9 0 $0.5 0.1 0 $3.0
9 0.9 0 $0.5 0.1 0 $3.0
10 0.9 0 $0.5 0.1 0 $3.0
11 0.9 0 $0.5 0.1 0 $3.0
12 0.9 0 $0.5 0.1 0 $3.0
13 0.9 0 $0..5 0.1 0 $3.0
14 0.9 0 $0.5 0.1 0 $3.0
15 0.9 0 $0.5 0.1 0 $3.0
16 0.9 0 $0.5 0.1 0 $3.0
17 0.9 0 $0.5 0.1 0 $3.0
18 0.9 0 $0.5 0.1 0 $3.0
19 0.9 0 $0.5 0.1 0 $3.0
20 0.9 0 $0.5 0.1 0 .$3.0
21 0.9 0 $0.5 0.1 0 $3.0
22 0.9 0 $0.5 0.1 0 $3.0
24 0.9 0 $0.5 0.1 0 $3.0
25 0.9 0 $0.5 0.1 0 $3.0

Mel Price 0.9 0 $0.5 0.1 0 $3.0
27 0.9 0 $0.5 0.1 0 $3.0

TJ O*Brien 0.9 0 $0.5 0.1 0 $3.0

Lcmkport 0.9 0 $0.5 0.1 0 $3.0

Brandon Road 0.9 0 $0.5 0.1 0 $3.0
Dresden Island 0.9 0 $0.5 0.1 0 $3.0

Marseilles 0.9 0 $0.5 0.1 0 $3.0
Starved Rock 0.9 0 $0.5. 0.1 0 $3.0

Peoria 0.9 0 $0.5 0.1 0 $3.0
LaGrange 0.9 0 $0.5 0.1 0 $3.0

SCOUR5 XLS
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6. Cost of Rehabilitation.

SCOUR PROTECTION DOWNSTREAM

Lock
and Rehabilitation Cost
Dam (millions)
USAF $2.5
LSAF $2.5
1 $2.5
2 $2.5
3 $2.5
4 $2.5
5 $2.5
5A $2.5
6 $2.5
7 $2.5
8 $2.5
9 $2.5
10 $2.5
11 $2.5
12 $2.5
13 $2.5
14 $2.5
15 $2.5
16 $2.5
17 $2.5
18 $2.5
19 $2.5
20 $2.5
21 $2.5
22 $2.5
24 $2.5
25 $2.5

Mel Price $2.5
27 $2.5

TJ OIBrien $2.5
LOCkport $2.5

Brandon Road $2.5
Dresden Island $2.5
Marseilles $2.5
Starved Rock- $2.5

Peoria $2.5
LaGrange $2.5

SCOUR6.XLS
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7. Number of Components.

SCOUR PROTECTION DOWNSTREAM

District Area Downstream of Dam

St. Paul 18

Rock Island I 13

St. Louis
I

4

TOTAL I 35

F-6
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UMR-IWW NAVIGATION STUDY
OBJECTIVS 2A

FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

LOCKWALL CONCRETE

1. Model Description. The reliability index of lockwall
concrete was determined in the Rock Island District using the WES
model and in the St. Paul and St. Louis Districts using the
geotechnical time reliability model.

a. WES Model. ““’A reliability model of concrete deterioration
of lockwall concrete due to freeze-thaw action and abrasion was
developed by the Waterways Experiment Station. This model
calculates the reliability of the lockwall based on a barge in
the lock hanging up on uneven lockwall surfaces. The following
deterministic parameters are required as input: year under
consideration, first year in operation, width above pool, width
below pool, total number of lockages, lock length, top of
lockwall, pool, mid-pool, tailwater, barge height, and barge
depth. Seventeen variables were chosen to be treated as random
variables . They are: tow weight, tow velocity, tow angle,
structural interaction pressure constant, effective plate
thickness, vertical impact distance, contact half-length, stress
attenuation coefficient, uniaxial tensile strength, number of
surface temperature cycles, strength degradation exponent,
degradation coefficient, slope of the depth of critical
saturation with time, dwell.time, number of impacts per lockage,
loss ratio, and coefficient of friction.

b. Geotechnical Time Reliability Model. Determination of
present conditions/reliability was made by determining at what
future date the probability of unsatisfactory performance would
be SO%. These determinations were made using the present
condition of the lockwall and engineering judgement.

2. Site Selection. Because of the large number of locks and
dams in the Rock Island District, only selected sites were
analyzed. Selection was made so that two sites with similar
loclcagepatterns, environmental conciitions,and concrete
properties were not both analyzed. Locks and Dams Nos. 13, 19,
22, and LockPort have been rehabilitated with air-entrained
concrete. TJ O’Brien lock and dam is constructed of diaphragm
sheetpile cells.



LOCKWALL CONCRETE

Sites Investigated Sites in the Same Bracket

Lock Lock
and Component and Component
Dam Dam

1 Lockwall Concrete Melvin Price Main Lock Landwall

Main Lock RiverWall

Auxiliary Lock
Landwall

Auxiliary Lock
Riverwall

27 Eastwall

I-Wall Main Lock
Side

I-Wall Auxiliary
Lock Side

Westwall

11 Lockwall Concrete

12 Lockwall Concrete

13 Lockwall Concrete 19 Lockwall Concrete

22 Lockwall Concrete

Lockport Lockwall Concrete

Brandon Road Lockwall Concrete

Dresden Lockwall Concrete
Island

G-2



LOCKWALL CONCRETE I

Sites Investigated
I Sites in the Same Bracket I

Lock
and
Dam

13

15

17

18

20

La
Grange

Lock
Component and Component

Dam

Lockwall Concrete I Marseilles I Lockwall Concrete

I Starved Rock I Lockwall Concrete

Peoria Lockwall Concrete

Lockwall Concrete 14 Lockwall Concrete

16 Lockwall Concrete

Lockwall Concrete

Lockwall Concrete

Lockwall Concrete 21 Lockwall Concrete

Lockwall Concrete

G-3



3. Important Deterministic and Random Variables

LOCKWALL CONCRETE
Lock

and Dam Component Random variables
USAF Lock Chamber Concrete Note 1

LSAF Lock Chamber Concrete Pr(u) = 50% in 50 years
by engineering judgement

1 Lock Chamber Concrete Note 1

2 Lock Chamber Concrete Pr(u) . 50% in 40 years
by engineering judgement

3 Lock Chamber Concrete Pr(u) . 50% in 40 years
by engineering judgement

4 Lock Chamber Concrete Pr(u) = 50% in 40 years
by engineering judgement

5 Lock Chamber Concrete Pr(u) = 50% in 40 years
by engineering judgement

5A Lock Chamber Concrete Pr(u) = 50% in 40 years
by engineering judgement

6 Lock Chamber Concrete Pr(u) = 50% in 40 years
I 1 by engineering judgement

7 Lock Chamber Concrete Pr(u) . 50% in 40 years
I I by engineering judgement

8 Lock Chamber Concrete Pr(u) . 50% in 40 years
I I by engineering judgement

9 Lock Chamber Concrete Pr(u) = 50% in 40 years
I I by engineering judgement

10 Lock Chamber Concrete Pr(u) . 50% in 40 years
I I by engineering judgement

24 Lock Chamber Concrete Pr(u) = 50% in 20 years
by engineering judgement

25 Lock Chamber Concrete Pr(u) = 50% in 40 years
by engineering judgement

LOCK3.XL:

‘Air-entrained concrete. Assume no maintenance for next 50 years.
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4. Weibull Distribution Parameters.

LOCKWALL CONCRETE

Lock Current Rehabilitated

and Dam Component b a v b 0 v

USAF Lock Chamber Cone. 1.2 50 Note 1 1.2 50 32

LSAF Lock Chamber Cone. 1.2 50 13.2 1.2 50 32

1 Lock Chamber Cone. 1.2 50 Note 1 1.2 50 32

2 Lock Chamber Cone. 1.2 50 3.2 1.2 50 32

3 Lock Chamber Cone. 1.2 50 3.2 1.2 50 32

4 Lock Chamber Cone. 1.2 50 3.2 1.2 50 32

5 Lock Chamber Cone. 1.2 50 3.2 1.2 50 32

5A Lock Chamber Cone. 1.2 50 3.2 1.2 50 32

6 Lock Chamber Cone. 1.2 50 3.2 1.2 50 32

7 Lock Chamber Cone. 1.2 50 3.2 1.2 50 32

8 Lock Chamber Cone. 1.2 50 3.2 1.2 50 32

9 Lock Chamber Cone. 1.2. 50 3.2 1.2 50 32

10 Lock Chamber Cone. 1.2 50 3.2 1.2 50 32

11 Lock Chamber Cone. 1.2 50 0 1.2 50 32

12 Lock Chamber Cone. 1.2 50 0 1.2 50 32

13 Lock Chamber Cone. 1.2 50 50 1.2 50 32

15 Lock Chamber Cone. 1.2 50 0 1.2 so 32

17 Lock Chamber Cone. 1.2 50 0 1.2 50 32

18 Lock Chamber Cone. 1.2 50 0 1.2 50 32

20 Lock Chamber Cone. 1.2 50 0 1.2 50 32

24 Lock Chamber Cone. 1.2 50 -16.94 1.2 50 32

25 Lock Chamber Cone. 1.2 50 3.0 1.2 50 32

LaGrange Lock Chamber Cone. 1.2 50 -0.596 1.2 50 32

LOCK4.XL!

lAir-entrained concrete. Assume no maintenance for the next 50 years.
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6. Cost of Rehabilitation.

LOCKWALL CONCRETE

Lock

and Component Rehabilitation Cost
Dam (millions)

USAF Lock Chamber Cone. $2.7
LSAF Lock Chamber Cone. $2.7

1 Lock Chamber Cone. $2.7

2 Lock Chamber Cone. $2.7

3 Lock Chamber Cone. $2.7
4 Lock Chamber Cone. $2.7

5 Lock Chamber Cone. $2.7

5A Lock Chamber Cone. $2.7

6 Lock Chzmber Cone. $2.7
7 Lock Chamber Cone. $2.7
8 Lock Chamber Cone. .$2.7

9 Lock Chamber Cone. $2.7
10 Lock Chamber Cone. $2.7

11 Lock Chamber Cone. $2.7
12 Lock Chamber Cone.. $2.7

13 Lock Chamber Cone. $2.7
15 Lock Chamber Cone. $2.7

17 Lock Chamber Cone. .$2.7
18 Lock Chamber Cone. .$2.7

20 Lock Chamber Cone. $2.7
24 Lock Chamber Cone. $2.7

25 Lock Chamber Cone. $2.7
LaGrange Lock Chamber Cone. $2.7

LOCK6.XLS
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7. Number of Components.

LOCKWALL CONCRETE

District Concrete Lockwalls

St. Paul 28

Rock Island 46

St , Louis 12

I TOTAL I 86

G-II
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UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A

FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

DAM PIER BRIDGE COLUNN CONCRETE

1. Model Description. Determination of present

ccmditi.ons/reliability was made by determining at what future

date the probability of unsatisfactory performance would be 50%.
These determinations were made using the present condition of the
dam pier bridge columns and engineering judgement.

2. Site Selection. All sites were analyzed.



3. lmDortant Deterministic and Random Variables.

DAN PIER CONCRETE

s?and.rnVariables

Lock Lie Load Dead Load Impact Lead f,. crack Spacing Eccentricity

and (kips) (kips) (kips) (psi)

Dan!

[inch] (inch)

Po u’= v o “o u . u.

USAF Note 1

LSAF Pz(uI.50* in S0 years.

3 Pr(u)=50% in 40 year..

4 Pr(ul=50? in 40 years.

5 Pr(u)=50t in 40 vears.

5A Pr(u).50% in 40 years.

6 PI(uI =50% in 40 years.

7 W(u) =50% in 40 years

8 Pr(u) =50% in 40 years.

9 Pr(ul .50% in 40 years.

10 Pr(ul .50% in 40 years.

11 Pr(u) .50% in 40 years.

12 Pr(u) .50% in 40 year. .

13 Pr(u) .50% in 40 years.

14 Pr[u). 50% in S years.

16 Pr (u)=SOt in 40 vears.

17 P. (u)-S0% in 40 wars.

18 P.(u) .50% in 40 years.

20 Note 1

21 m (n) .50% in 40 years.

22 FT(u)=50% in 40 yeare.

24 278 55.6 42 I 4.2 I 44 I .22 I 6,465 1,329 4.25 I 0.84 1.0 0.1

2s Assumed B qreater than 5 bv enqineerinq <Ud.q’ement

Melvin Price Note 1

Brando. Road Note 1

Dresden Ieland Note 1

Marseilles Note 1

P1BR3 .XL5

‘Air-entrained concrete. Assume no maintenance for next 50 years.

H-2



4. Weibull Distribution Parameters

DAM PIER CONCRETE

Lock Current Rehabilitated

and Dam b a v b a v

USAF 1.2 73 Note 1 1.2 73 30

LSAF 1.2 73 -3.8 1.2 -73 30

2 1.2 73 -13.8 1.2 73 30

3 1.2 73 -13.8 1.2 73 30

4 1.2 73 -13.8 1.2 73 30

5 1.2 73 -13.8 1.2 73 30

5A 1.2 73 -13.8 1.2 73 30

6 1.2 73 -13.8 1.2 73 30

7 1.2 73 -13.8 1.2 73 30

8 1.2 73 -13.8 1.2 73 30

9 1.2 73 -13.8 1.2 73 30

10 1.2 73 -13.8 1.2 73 30

11 1.2 73 -13.8 1.2 73 30

12 1.2 73 -13.8 1.2 73 30

13 1.2 73 -13.8 1.2 73 30

14 1.2 73 -13.8 1.2 73 30

15 1.2 73 Note 1 1.2 73 30

16 1.2 73 -13.8 1.2 73 30

17 1.2 73 -13.8 1.2 73 30

18 1.2 73 -13.8 1.2 73 30

20 1.2 73 Note 1 1.2 73 30

21 1.2 73 -13.8 1.2 73 30

22 1.2 73 -13.8 1.2 73 30

24 1.2 73 -5.67 1.2 73 3G

25 1.2 73 30 1.2 73 30

Melvin Price 1.2 73 Note 1 1.2 73 30

Brandon Road 1.2 73 Note 1 1.2 73 30

Dresden Island 1.2 73 Note 1 1.2 73 I 30

Marseilles 1.2 73 Note 1 1.2 73 30

Starved Rock 1.2 73 Note 1 1.2 73 30

Peoria 1.2 73 Note 1 1.2 73 30

La Grange 1.2 73 Note 1 1.2 73 30

1.
PIER4 .XLs

Air-entrained concrete. There are not enough structures

with air-entrained concrete to establish a separate

Weibull curve. Assume no maintenance for next 50 years.
H-3
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6. Cost of Rehabilitation.

DAM PIER CONCRETE

Lock

and Rehabilitation Cost
Dam (millions)

LSAP $3.4

2 $3.4

3 $3.4

4 $3.4

5 $3.4

5A $3.4

6 $3.4

7 $3.4

8 $3.4

9 $3.4

10 $3.4

11 $3.4

12 $3.4

13 $3.4

14 $3.4

16 $3.4

17 $3.4

18 $3.4
21 $3.4

22 $3.4

24 $3.4

25 $3.4

Melvin Price $3.4

Brandon Road $3.4

Dresden Island $3.4

Marseilles $3.4

Starved Rock $3.4
Peoria $3.4

La Grange $3.4

PIER6.XLS
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7. Number of Components

DAM PIER CONCRETE

District Ic cmcrete Dam Piers

St. Paul I 11

Rock Island 18

St. Louis 3

TOTAL 32

H-7
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3. Important Deterministic and Random Variables.

CONCRETE SPILLWAY FIXED CREST

Lock Pr(u)=50%
and Dam (years)

1 50

5A 50
6 50
7 Note 1

10 50
16 50

Dresden Island 50
Starved Rock 50

lAir-entrained concrete.
maintenance for next 50

OVER3.XLS

Assume no

years.

I-2



4. Weibull Distribution Parameters

CONCRETE SPILLWAY FIXED CREST

Lock Current Rehabilitated
and Dam b c1 v b lx v

1 1.2 42 19 1.2 42 45

5A 1.2 42 19 1.2 42 45

6 1.2 42 19 1.2 42 45

7 1.2 42 Note 1 1.2 42 45

10 1.2 42 19 1.2 42 45

16 1.2 50 13.2 1.2 50 45

Dresden Island 1.2 50 13.2 1.2 50 45

Starved Rock 1.2 50 13.2 1.2 50 45

OVER4 .XLS

lAir-entrained concrete. Assume no maintenance for next

50 years.

I-3
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6. Cost of Rehabilitation.

CONCRETE SPILLWAY FIXED CREST

Lock
and Rehabilitation Cost

Dam (millions)

1 $2.0

5A $2.0

6 $2.0

10 $2.0

16 $2.0

Dresden Island $2.0

Starved Rock $2.0

0VER6.XLS

I-5



Number of Components

CONCRETE SPILLWAY FIXED CREST

District Spillways

St. Paul 6

Rock Island 1

St. Louis o

TOTAL 7

(GEOT~OD.ECD )

I-6
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RELIABILITY ANALYSIS FOR

MITER GATE OPERATING MACHINERY

I. MODEL DESCRIPTION:

This section explains the procedure used to find the Hazard
Rates for critical components of the miter gate operating
machinery on the Mississippi River and Illinois Waterway. The
parameters and quantities that comprise the estimated Hazard Rates
for selected sites are given in enclosed Tables. Most of the
machinery at the locksites was replaced in the mid-late 80’s and
is relatively new, therefore the data starts with the systems in
a new condition. Original machinery that has not currently been
replaced was assumed to be installed i.n the year 2000.

Component Inspection: Site visits and review of the as-
builtadrawings were conducted to assess the current general
condition of the new lock operating machinery. The new operating
machinery is similar in design and about the same age throughout
the Upper Mississippi and Illinois Waterway, therefore machinery
data can be referenced for lifespan judgments for a large sample
size. The original machinery at the sites that have not had
machinery replaced is approximately 60 years old. Inspection of
gearing components at these sites was used for comparison purposes
in determining the future condition of the new gear teeth. Visual
inspection was considered a valid basis of engineering judgment
since the major wear items are mostly.the open and enclosed
gearing components. The condition of the gears was judged by
inspecting the gear tooth wear along the contact patterns.

b. Lock Gate Mechanical Items Considered Critical: The
mechanical system consists of a large number of different
mechanical components operating together, any one of which would
fail according to its own unique failure distribution. However,
the consequence of different failures vary from minor to major.
~So, many parts do not Ilfailtqbut progressively get worse such as
a plain bushing which exhibits gradual wear until the clearances
become objectionable. Only components that could cause an
extended unplanned outage were included in this model. The
following describes the mechanical lock machinery components.

1) OPEN GEARING: GEARS
-SECTOR/BULL GP.AR (critical component)

The sector/bull gears are large enough to require a barge
crane to remove and reinstall them. Thus in considering the
consequence of failure, however remote, the sector/bull gears have
a high consequence due to the time involved in replacement.

There is slight to negligible indications of wear failure
(spalling, fretting, pitting) on the sector gears. There is no
visual evidence of fatigue failure (cracking at the tooth roots) .
The sector gears are not likely to fail in the predictable future.



The lack of wear is evidence that they have been properly
lubricated and maintained and have adequate design capacity.

2) OPEN GEARING: PINION
-DRIVING PINION (critical cOMpOnent)

There is slight to negligible indications of wear failure
(spalling, fretting, tooth deformation) of the miter gate pinions.
There is no visual evidence of tooth cracking on any of the miter
gate pinions. Miter gate pinion failure is not likely to occur in
the predictable future.

Pinions are generally replaced whenever their mating gears
are replaced since they wear together. The AGMA gear life
analysis for the gear is identical to life analysis of the pinion
so the gear and pinion of a pair were assigned the same meanlife,
Weibull index, and other life factors. There are a total of four
of gear/pinion pairs per lock.

3) ENCLOSED GEARING
-RIGHT ANGLE REDUCER (critical component)

The right angle gear reducers are relatively new and there
are no reports documenting failure breakdowns. The gearboxes are
large and require a barge mounted or truck mounted crane for
removal. There would be significant consequences resulting from
long downtimes should a failure occur.

For this analysis, only the last.reduction gear set was
examined since it carries the largest loads and would be expected
to fail or reach unsatisfactory performance before the other
reduction gear sets. This gearset rotates 2.7 revolutions for
each direction of open and close.

4) STEEL CASTINGS: LINKAGE PARTS
-SECTOR ARM CASTING (critical component)
-SECTOR CONNECTION CASTING (critical component)
-SPRING CASING CASTING (critical component)

The sector arm casting is loaded multidirectionally with
varying magnitude as the gate cycles. The spring casing and
sector connection are loaded axially at various magnitudes.

There is a high consequence of failure should these cast
steel linkage parts crack through their cross section. The
connection on the gate would suffer considerable bending damage as
the gate strut fell under its own weight. Replacement of these
parts generally requires a barge crane. However, the probability
of these parts failing by fatigue cracking is remote. It is
probably more likely that these parts will fail from a towboat
collision with the gate than from fatigue cracking.

5) BRONZE BUSHINGS:



-SECTOR BUSHING
-SECTOR ARM BUSHING
-DRIVING PINION BUSHINGS

These parts will wear gradually and predictably. Though
replacement of these parts is difficult, this can be foreseen and
scheduled to coincide with other work. The original bushings are
in good condition. New bushings could be considered to last as
long as the original bushings. These bushings were not considered
in the model.

6) GEAR BASES:
-SECTOR BEARING

These large steel castings are cyclically loaded in a
reversing direction. Their failure due to fatigue type cracking
would be noticeable but would probably not stop the system as the
castings have many redundant webs and gussets in case any one
crack should occur. They were not considered in the model.

7) FORGED PINS:
-SECTOR PIN
-STRUT PIN
-BUFFER YOKE

These forgings are much less likely to suffer cracking
failure than castings. They are not considered in the model.

8) SPRINGS:
-SPRING NEST

If the spring nest failed, the gate strut would still remain
together and the system would function. Failure of the springs in
the gate strut would not stop the system. Spring failure is not
considered critical in the model.

9) PURCHASED COMPONENTS:
-DRIVE MOTORS
-BRAKBS
-PILLOWBLOCK BEARINGS

These components are off the shelf type items and are
relatively easy to replace. These items for the most part have
reliable histories and have never broken down nor been rebuilt.
The original purchased components observed appear in good
condition. These parts are not considered in the model.

II. SITE SELECTION:

Three lock sites were selected for implementation of the
model, Lock 11 and Lock 22 on the Mississippi River, and Dresden
Island Lock and Dam on the Illinois Waterway. The miter gate
machinery on both rivers is similar in arrangement and design so
these sites were chosen as a representative sample of each river,
The locks on the Mississippi were grouped according to the average



annual number of lockages which increases slightly going

downriver.

Lock Modeled Locks that are similar

Lock 11

Lock 22

Dresden Island

III. RELIABILITY

Locks 1-10,12-20

Locks 21,24,25,27

Lockport, Brandon Rd,
Marseilles, Starved Rock

ANALYSIS :

There is little direct historical documentation describing
failure modes for this type of equipment. The component meanlife
and failure distribution must be synthesized from generalized
textbook data tables on the subject. These textbook tables are
reproduced and included as an attachment to this section. The
Reliability model used is for individual components described by a
two-parameter Weibull distribution (taken from Shannon and Wilson
reference (c) page 2-26) is:

R(t) = exp[-(t/a)b]

where:
t=
a=

b=
R(t) =

number of years the component has.been in service.
meanlife of the component; the average number of years the
component is expected to function.
Weibull index number (Table 7-2).
reliability function for the component,
probability of satisfactory performance at a given time t.

The hazard rate function h(t) of individual components for a two
parameter Weibull distribution (taken from reference (c) page 2-
26) is:

where:
h(t) =

h(t) = (b/a)*(t/a)(b-l)

the conditional probability that a
component will fail in the-next year given

that it has not failed up to that point.

Table 7-2 (in Bloch and Geitner reference (d), attached)

provides an estimate of the Weibull Index and part meanlife using

the descriptive verb for the failure mode. For gear teeth,terms
like “fretting” and “scoring” are used to describe the gear teeth
wear failure and b.3 for these. Fatigue fracture describes the
breakage of the steel castings and for this, b=l.1. Tables A-7 and
A-8 (in Greene and Bourne reference (e) attached) also gives an
estimate for the meanlife of a given component. The Table A-7
meanlife is weighted by dividing the life by an environmental
factor K, from Table A-8 to account for outdoors operation. The
textbooks thus give an estimate of the failure distribution for a
given pare if there is no actual failure history for the part.



The gear design capacities are estimated by the methods of
AGMA 2001 and AGMA 6010 (references (g) and (h) as applied by
Drago reference (f)). The theoretical number of lifetime cycles
for the miter gate gears before pitting failure occurs is
estimated to be approximately 2 million cycles for the open
gears(based on a Life Factor of 1.1) and 7 million cycles for the
enclosed gears(based on a Life factor of 1.0) . The life factor
for the open gearing was determined by comparing the predicted
maximun loaded stress to the design capacity. The loading
conditions for the miter gate operating machinery were computed in
accordance with USACE Waterway Experiment Station Technical Report
2-651 “Operating Forces on Miter-Type Lock Gates.’q Bending
failure was not considered critical in this analysis since the
gears are underloaded in this regard. A load cycle for the miter
gate machinery comprised of.opening and closing all four gates.
The gears were considered to be loaded once-per-cycle.

Meanlife for the part (in actual years) is the calculated number
of lifetime cycles divided by the use rate or number of lockage
cycles. It is further divided by the environmental factor (K=2)
to account for being exposed outdoors. The meanlife for the
components is the average number of years the component will be
expected to function at the average use rate.

The steel castings in the four-bar linkage are assumed to
have a lifespan of 5 million cycles, generally regarded as a life

limit for fatigue analysis. Note that Table 7-2 (reference (d)
shows infinite life for fatigue fracture by the simplification
that anything with more than 16 year life is infinite life.

The final probability of unsatisfactory performance is
computed by taking into account the,number of items which comprise
the component at each lock. For instance, if there are “n” open
gearsets which each have a conditional probability of failure
h(t).P then the probability of failure (Pg) for all of the open
gearsets is:

Pg = I-(l-P)n

Likewise, if the probability of failure of all the castings
is P= the probability of failure of the open gears is Pg, and the
probability of failure of the enclosed gears is Pe then the total
probability of failure is:

P= = I-[(l-Pc)n ●(l-Pg)n * (l-Pe)nl

This total probability of failure assumes that there is no
correlation between the different components or even among
components.

IV. RESULTS OF RELIABILITY ANALYSIS:



a. Three hazard functions are required for three separate
conditions; normal operation and maintenance (O&M) , enhanced O&M,
and rehabilitated. For the mechanical models, enhanced O&M was
considered the same as normal O&M since there is little necessary
maintenance beyond normal maintenance. Rehabilitation of these
mechanical components would mean replacement of the components.
For this condition, the rehabilitated hazard function will also be
the same as normal O&M since the equipment was new at the start of
this analysis. Tables 1,2, and 3 present the hazard function data
and probabilities of unsatisfactory performance for the selected
sites.

TABLE 1 Lock 11
— -, [.,*,,0,Qwlvwu.—.
,=. 2000,Ca,,,,02.1,,.2,,0,, ,.,, ,,,,,,,,,.,, ,.,O,.,,,06,
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0.0040 O.W., 0.0c4,

0.00,0 0.,0,7 0.003, o.m,, ..0,,, 0,,,’,
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se..., ,..,,,,.,0. p.,, 0.0000 0.,004 0,00,, 0.00,, . ...,, 0.0,,, .,0,,,
,,.., C“., -.

0.0177 0.02,1 0.0292
..00,0 0.,,7, ..040, .,,,,, 0.,4,1 0..,4, 0.0,,,

0.0,59 ‘3,.4,3 ..0,,4

s,,.., ,.=, RWJ.mr
.,04s’ ..0,,, 0.04,,

0.0000 o.om, ,..0., 0.00,, 0..,,7 0..,,, O,CO,,
0.047, 0.0476 0.0480

0.0082 0.0,06 0.0,3, 0.0166 0.020, Q.0,3@

,annm,,,m ., msA7*,,AcmaY --- - ,r8nM

“.., 20,. 200, ,,,0 ,,,, ,,,, ,02, 2,,, >.,, ,,<0 ,,4, ,0$0 ,055 ,.,,

“,.?, c.,. mchlr,ry 0.00-s0 0.0,,2 0.04,, 0.0,6s ..,,,2 .,05,, 0..,,, 0.0701 0,,7,, 0.,,70 ..0,,7 0.,0,2 0.,,,,

TABLE 2 Lock 22
- -s m(t)]. mD1’vImAL —.

,e.x 1,,, ,,,4 ,,9, ,,,, ,kv ,.,4 2,,, ,.,, ,,,, ,.,, ,O,g ,044 ,04,

BKto r ,“ .,,,-- Hi r 0.0C40 0.,,02 0.0.07 0.C4,S 0.0026 0,00,, 0.00,,
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o.mdo 0,01,4 ..,,,, 0.0,6, 0.0,,7 0.02,4
0.0C40 0.0040 0.004, 0.00’4 0.004, ..W,, 0.0.47

Suird M“el “.*-. 0.,0.. 0.000, 0..00, ..0.0, ,.00,2 ,.,,,, ,..,,,
o.oa, o 0.0.4, 0.004, 0.,0,, 0,,0,. ,..051
0.0037 0.,048 0.006. 0,,,75 ..00,0 ,..,.7

msanlu. 0, UXMT,.,ACZ9R, PIaFOPJmN. - ,-

,,., 1,,9 ,,,4 ,,,, 2C0, 2.0, ,0,4 ,.,, ,.., ,02, *,,4 ,.,, ,.,, ,04,

s.cc.r ,?. r,mbmn W,, 0.0000 o.cem 0.002’ 0.,05, 0.01.4 ..01,2 0..,,2
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TABLE 3 Dresden Island Lock
w -. c,,,,,.,m-u .--,

“.., ,904 ,,,, ,,,4 ,,,, ,004 ,009 ,0,, ,0,9 2,24 ,02, ,034 z.,, ,.4,
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The reli.abi.lity model predicts relatively low hazard
rates and probabilities of unsatisfactory performance for the
miter gate operating machinery components.

v. CONSEQUENCE TABULATION

The consequences of three degrees of unsatisfactory
performance are presented in Table 4. The navigation downtime is
based solely on engineering judgment and is estimated by the
expected repairs required to the components. The low level
consequences were considered to result from a minor repair
performed by lock personnel. The medium level consequences were
considered to result from a repair that might require a scheduled
shutdown of the lock. High level consequences were considered to
result from catastrophic failure that would require major repair
or replacement of an item. The estimated costs reflect the level
of required repairs. It was assumed that lock personnel or hired
labor forces would perform the repairs.

TABLE 4 Consequences Table
COMPONENT LOWLEVELOF MEDIUM LEVEL OF HIGH LEVEL OF

CONSEQUENCES (LC) CONSEQUENCES (MC) CONSEQUENCES (HC)
NAVIGA’llON ESnMrl’lEn NAw3A’mm ESnMA1’ED N4vlQAn0N ssnhtwED

P(LC) CIOWNllhw REPAIR P(Mc) mm TIME REPAIR P(HC) LXIWNTIME REPAIR
PwJl wsT w) COST (oa~) Ox.1

Se&r gearlpinion Pair 0.9 0,0s S2,503 0.09 0.5 S1O,OOO 0.01 3.0 W3,000

steal ca#ilg5 0.9 0.0s S2,5D0 0.09 0.3 $Io,ooo 0.01 3.0 S50,mo

Gear Reducer 0.9 0.0s $2,5W O.(L9 0.3 S1O,COO 0.01 20 $50,000

VI. REHABILITATION COSTS

As noted previously, rehabilitation of the components would
involve replacement of the items. Replacement of lock miter gate
machinery has been performed on several past rehabilitation
projects. The cost of replacement of each gate machinery is
aPProx~matelY $283,000 or $1,132,000 per site. Of the $283,000
approximately $70,000 is the cost of the gearbox, $1OO,OOO is the
cost of the sector/pinion pair and $30,000 is the cost of the
castings/fabrications.
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2) PURCHASED COMPONENTS:
-DRIVE MOTORS
-BRAKES
-PILLOWELOCK BEARINGS
-CABLES

These components are off the shelf type items and are
relatively easy to replace. These items for the most part have
reliable histories and have never broken down nor been rebuilt.
The original purchased components observed appear in good
condition. These parts are not considered in the model.

c. Slide Valve Mechanical Items Considered Critical: The
slide valve hoist is installed at five locks on the Illinois
Waterway and consists of a self contained electric/hydraulic power
unit with a vertically mounted hydraulic cylinder. Only components
that could cause an extended unplanned outage were included in
this model. The following describes the slide valve mechanical
components.

1) HYDRAULIC CYLINDER (critical component)

The hydraulic cylinders are large and require a truck or
barge mounted crane for removal. Other than some hydraulic oil
leakage, there have been no reports of cylinder breakdowns.

2) POWER UNIT
-MOTOR
-PUMP
-VALVES
-PIPING

The hydraulic power units are well maintained. These items
are purchased off the shelf and are easily replaced should an
outage occur. These parts are not considered in the model.

II. SITE SELECTION:

Three locksites were selected for implementation of the
model, Lock 11 and Lock 22 on the Mississippi River, and Dresden
Island Lock and Dam on the Illinois Waterway. The “~-~’~ .@~’~
machinery on both rivers is similar in arrangement and design so
these sites were chosen as a representative sample of each river.
The locks on the Mississippi were grouped according to the average
annual number of lockages which increases slightly going
downriver.

Lock Modeled Locks that are similar

Lock 11 Locks 1-10,12-20

Lock 22 Locks 21,24,25,27

Dresden Island Lockport, Brandon Rd,
Marseilles, Starved Rock



III. RELIABILITY ANALYSIS:
There is little direct historical documentation describing

the failure rates for this equipment. The component meanlife and
failure distribution must be synthesized from generalized textbook
data tables on the subject. These textbook tables are reproduced
and included as an attachment to this section. The Reliability
model used is for individual components described by a two-
uarameter Weibull distribution (taken from Shannon and Wilson
~eference (c) page 2- 26) is:

R(t) = exp[-(t/a)b]

where:
t = number of years the component has been
a = meanlife of the component; the average

the component is expected to function.
b = Weibull index number (Table 7-2) .
R(t) . reliability function for the component,

in service.
number of years

probabilit~ of satisfactory perf&mance at
a given time t.

The hazard rate function h(t) of individual components for a
two parameter Weibull distribution (taken from reference (c) page
2-26) is:

h(t) = (b/a)*(t/a)(b-l)

where:
h(t) = the conditional probability that a

component will fail in the next year given
that it has not failed up to that point.

Table 7-2 was used (Bloch and Geitner reference (d) ,
attached) to provide an estimate of the Weibull Index and part
meanlife using the descriptive verb for each failure mode. For
gear teeth, terms like “fretting” and “scoring” are used to
describe wear failure and b.3 for these. Fatigue Fracture
describes the breakage of the steel gears and b.1.l. A hydraulic
cylinder typically experiences wear from pitting, rubbing or
scoring of the cylinder rod. For this type of failure mode, b.3.O
was used. Tables A-7 and A-8 (in Greene and Bourne reference (e)
attached) also gives an estimate for the meanlife of a given name
component. The Table A-7 meanlife is weighted by dividing the
life by an environmental factor K from Table A-8 to account for
outdoor operation. The textbooks thus give an estimate of the
failure distribution for a given part if there is no actual
failure history for the part.

The gear design capacity is estimated by the method of AGMA
6010 (reference (g)) as applied by Drago (reference (f),
attached) . The theoretical number of lifetime cycles before
pitting failure occurs for all the gears is approximately 7
million cycles based on Life factor of 1.0 used in the design of
the gearbox. Bending Failure was not critical in this analysis
since the gears are underloaded in this regard. The slide valve
machinery lifespan is assumed to be 500,000 cycles which
corresponds to a fifty year lifespan at the average use rate. The



frequency of use is assumed to be the num!oer of open and close
operations equaling one cycle.

The meanlife for each component (in actual years) is the
calculated from the number of lifetime cycles, divided by the use
rate or number of lockage cycles. It is further ‘divided by the
environmental factor (K.2) to account for being exposed outdoors.
The meanlife for the components is the average number of years the
component will be expected to function at the average use rate.

The final probability of unsatisfactory performance is
computed by taking into account the number of items which comprise
the component at each lock. For instance, if there are !In”
enclosed gearboxes which each have a conditional probability of
failure h(t)=P then the probability of failure (Pe) for all of the
enclosed gears is:

Pe = I-(l-P)n

In this case, there is only one component among each type of
valve equipment therefore, the total probability of failure equals
the probability of failure of the component. This total
probability of failure assumes that there is no correlation
between the different components or even among components.

IV. RESULTS OF RELIABILITY ANALYSIS:

a. Three hazard functions are required for three separate
conditions; normal operation and maintenance (OE41), enhanced OSN,
and rehabilitated. For the lock valve mechanical models, enhanced
O&M was considered the same as normal O&M since there is little
necessary maintenance beyond normal maintenance. Rehabilitation
of these mechanical components would mean replacement of the
components. For this condition, the rehabilitated hazard function
will also be the same as normal O&+l since the equipment was new at
the start of this analysis. Tables 1,2, and 3 present the hazard
function data and probabilities of unsatisfactory performance for
the selected sites.

TASLE 1 Lock 11

m=== mm]--—

Y- 2W Zca 2010 2m5 2!ZZ 20= 2a2a Zws5 2M0 2M5 20W 2G% Zom

Ihlka PaaraK 0.CC49 O.mm O.ccea O.cml O.mm O.cuw. O.cca O.ccw O.cai 0.CK5 O.m O.cca 0.c@19

YMI 2WI 2W5 2010 2015 2oa 20?5 2030 2035 2010 2M5 20s 20% Zom

W.id M- O.COW O.WW 0.0301 0.C602 0.CW4 0.Wffi 0.CM9 0.C012 0.m,6 0.0321 0.QU5 0.0331 0.CQ36

—02—— -.

Y-2 2GQI 20s 2010 2015 2020 2W5 2034 2035 20,0 ZC45 20s4 ,055 mm

,.inter.1”s .*V 0.CC4 O.cao Own O.aw O.m O.L-ml 0.0), O.m, O.cm 0.C02 o.ca, O.Co, 0.0)4



TAELE 2 Lock 22
—- Dr,,,l.——
,... ,9891994 ,,99 X04 mm 2014 ,0,9 202. 202s 2.3. 2039 2044 20.s

s.li=.1R*=, c..mm 0.- o.cc.m O,LWI ..- am o.cca 0.DX6 0.UM7 O.Cm, am,, o.nn, 0.03,6

—.— —-.

,.., ,9s9 1994 1,s+ 2Ga ZCa 2014 2019 2024 2029 2014 2039 20.4 2049

,.,, c., R*e. mm o.coca o.cca ..W o.m mm,, ,.COI, 0.CO.2 mm,, 0.c037 0.C04S 0.0355 0.c065

—.— —-—
“.., 19,$ 19S4 1999 2CC4 2- 2014 2019 2024 2029 203! 2039 2044 20’9

,.,s.,.v.lm n,.bl..?ty o.m o.cOrJ mm O.C.X! 0,02, mm, O.Co, o,ce2 am, 0.C04 O.C.X “CL-O, 0.C07

TAELE 3 Dresden Island Lock

mmmm m(t)rn— —

Ya,r VU 196s 1991 19s$ .?c14 2C@ 201. 2019 202t 202$ 2034 2039 2M4

mdmulic Cylirdex 0.c&4 0.C025 O.COW 0.02,?30.03% 0.C619 0.6%92 0.1214 0.1585 0.20Q6 0.24?7 0.2997 0.3567

—02—— -.

Yea 1984 1969 1994 1999 20M 2CC+ 2016 2019 2024 2029 2024 2039 2048

WS.WIC CYIid. o.MOO O.MS+ 0.0390 0.0862 0.1494 0.2256 0.3116 0.40,0 0.1986 0.5917 0.679? 0.7595 0.628?

—.——— --

rear 1984 1989 1994 1%9 2W4 2W 201t 2019 2024 20Z9 2024 2039 2C4t

SMd+ val. n,a!n$m o.MO 0.010 0.039 0.0S6 0.149 0.226 0.312 0.104 0.W9 0.592 0.6S0 0.760 O.~

The reliability model predicts relatively low hazard
rates and probabilities of unsatisfactory performance for valve
operating machinery components. It should be noted that the
valves are redundant systems with four valves per lock. The locks
can still operate with two functional valves(one upstream and one
downstream) . Failure of one valve system would not shutdown the
lock . The resulting consequences would be the navigational-delays
emerienced from the slow lockage times caused by operating with
only two or three valves.

v. CONSEQUENCE TABULATION

The consequences of three degrees of unsatisfactory
performance are presented in Table 4. The navigation dovmtime is
based solely on engineering judgment and is estimated by the
eqected repairs required to the components. The low level
consequences were considered to result from a minor repair
performed by lock personnel. Lock downtime or delay is considered
negligible. The medium level consequences were considered to
result from a repair that would require use of only two valves.
The medium level repairs would cause lockage delays because of
slow emptying and filling times. High level consequences were
considered to result from a breakdown of two or more valve systems
that would require major repair or replacement of an item/s. In
this case, the valves would be inoperable and lock downtime would
occur. The estimated costs reflect the level of required repairs.



It was assumed that lock personnel or hired labor forces would
perform the repairs.

TABLE 4 Consequences Table
COMPONENT LOW LEVEL OF MEDIUMLEVELOF HIGH LEVEL OF

CONSEQUENCES (LC) CONSEQUENCES (MC) cONSEQUENCES (HC)
NAWOATION EsmFA41Eo NAVCATDN EsllMdlEo NAVIGATlON ESTMATED

P(LC) 00WNTIME REP#lR P(MC] 00WN17ME REPAIR P(HC) Caw TIME REPAIR
(clap) COST (may+! COST (Dap)z WST

Helical Reducer 0.9 0 $2,5C0 0.03 0.00 SIo,ooo 0,01 3.0 $50,CO0

Hydiadic Cylinder 0.9 0 $Z,=m O.lm O.oa $10,030 0.01 3.0 WJ,coo
1 - Estimated lockage delay resulting from operating with two

valves.

2 - Estimated lock downtime resulting from catastrophic
failure that would prevent valve operation.

VI. REHABILITATION COSTS

As noted previously, rehabilitation of the components would
involve replacement of the items. Replacement of lock valve
machinery has been performed on several past rehabilitation
projects. The cost of replacement of each valve machinery system
is approximately $212,000 or $848,000 per site. The cost of the
gearbox is approximately $40,000. The cost of the hydraulic
cylinder is approximately $20,000.
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RELIABILITY ~mYSIS

FOR LOCK ELECTRICAL SYSTEMS

I. Model Description

1. Assessment Of Reliability. Electrical reliability is

based on the Probability of Unsatisfactory Performance of

the systems components. The following paragraphs provide

the assumptions, description of the model and the results

from implementation of the reliability assessment.

2. Reliability Analysis. The following pages give a

descriptive explanation of the equations and procedures used

to find the Probability of Unsatisfactory Performance of

each electrical sub-system. The attachments indicate the

final results and quantities of the certain aspects needed

to find the probability of unsatisfactory performance on a

given year. The data shows the condition of the systems iri

new condition, present condition in 1995, and future

condition. The data also show the trend of the condition of

the systems between the years of new installation and future

condition.

a. Sub-Systems Analyzed. llvo main sub-systems of the
lock electrical system were analyzed, the lock motor control

center (or main switchboard) and the lock control cables.

Only the major components that would produce an

unsatisfactory performance and significant repair time were

considered. The major components considered for the motor

control center were circuit breakers and motor starters

associated with tainter valves, miter gates, their control

circuits, and the tow haul units and whose failure would

cause inoperation of this machinery. The considerations for

the lock machinery control cables included motor feeder

cables, multi-conductor control cables, and groups of single

conductor control cables in conduit. All other components

that exist within the motor control center are either

considered maintenance items or are easily replaced without

considerable downtime.

b. Lock Motor Control Center.

(1) Only vital components of the motor control
center that could cause an unsatisfactory performance were

1



chosen for analysis. These components were circuit breakers
and motor starters for the lock operating machinery. The
other components such as transformers, relays, pushbuttons,

terminal blocks, fuses, etc. were considered non-vital
because they were either considered to be maintenance items

or they could be quickly replaced with minimal downtime.

(2) The meanlife, a, of the components is the

expected average life or the average number of years the
component will function. The meanlife is based on

engineering knowledge of the existing components and from

Table 10, IEEE STD 493-1990, “Design of Reliable Industrial
and Commercial Power systems”. From this table the failures

per unit year of each component were determined. The

reciprocal of the failures per unit year is the meanlife of

the components. The meanlife was then divided by an

environmental factor K, found in Table A.8, “Practical

Machinery Management for Process Plants”. The environmental

factor was based upon the conditions under which the

components operate. This process was used for both the

circuit breakers and the motor starters. The meanlife of

the cables was determined based upon engineering knowledge

of the existing cables.

(3) The Reliability, l?(t), was found for
individual components at certain years by using the Weibel

distribution.

b

R(t) = e ‘(’/”)

which gives the probability that the component will survive

to time t, where t is the number of years the component has

been in service, a is the meanlife of the component and b is
the Weibel index number found in Table 7.2, “Practical

Machinery Management for Process Plants”. This index number
was selected by the certain mode of failure each component

possesses.

(4) The hazard rate function h(t) for any given
individual item is given by:

h(t) = b/a . (t/a) b”=

2



where b is the Weibel index, a is the meanlife of the

component, and t is the number of years the component has

been in service. The hazard rate of each component is the
probability that a component will fail in the next year

given that it has not failed up to that point.

(5) The system would have an unsatisfactory

performance if any one of the components were to fail

because all of the components are in series with each other.

To compute the final probability of unsatisfactory

performance, one has to take into account the number of

items which comprise the component. For instance, if there

are “n” cables which each have a probability of failure, P,
then the probability of failure, Pb for all of the circuit

breakers is:

Pb = 1 - (l-P)n

Likewise, if the probability of failure of the motor

starters is P= and the probability of failure of the circuit

breakers is P~ then the total probability of failure for the

motor control center is:

Pt=P*+P~

b. Lock Control Cables.

(l)-(5) The analysis for the Lock Control Cables

uses the same steps as the analysis for the Lock Motor

Control Center to establish the Probability of

Unsatisfactory Performance for system, except that the total

probability of failure for the lock control cables is:

P= = 1 - (l-P)n

II. Site Selection. The model was implemented for each

lock on both the Mississippi River and the Illinois

Waterway.

III . Component Reliability constants and Variables.

1. The model was implemented with the following constants.

3



I Unit Ye& K value of Part B Value

(Motor Control Center)
Circuit Breaker 0.0052 2 96 3
Motor Starter 0.01 2 50 3

IcorItrol cables . . . 2 90 2

4



2. Each site was investigated and found to have the

following number of components for study in the model.

“w.-.,., ,{, ,.6 ,,, ,0,1 1,,,
- m.

(m. C.ammal.—,
cmrux, ,— ,17, ,,, ,, ,,,, ,,11 ,111 111,, ,.1,,
Hm, 5TARIE. ,0.,8. ,,,,s 8,,,, 88

—r- CAeLss >5 >0 ,, ,* ,, 7, ,, 7, 7, ,, ,5 ,, ,, ,, ., .. .,

..--. . ,9,, ,,s6 ,,,, ,9,, 1,,, .,,1 ,,,. ,,,, ,,,, ,,,, ,,,. ,,,, ,,,, ,,,, ,0.0 ,0.0 ,000

. -mw-miJPPEa .xmlsR..-mLJ,s -—,.

14 ,5 ,, ,6 ,, ,. ,, 20 ,, ,, ,4 ,, mm -(s >7 ,7

(- — —,
.- — ,, ,1 u u ,1 ,, 2. m ,0 ,. ,, 3, 6, 41 ., 41
m. .- **,.** ,1,..,.2. 2,,42,14

I
—. — 6, 7, 7, ., 6, ., ,, 6s 70 ,0 ,2 ,, ,. ,3 ,. ,,

.mEzalxF1.xmr. m ,,,8 ,,94 ,,,4 ,,,, ,,,, ,,,, 1,$s ,,s, ,,., ,,,, 2,00 ,Oc+ ,,,, ,,,, 2,,0 ,,0.

—— .-
0...—- ,.XXU. -. —.—

<nOma ——
a- — ,, 2, 2, ,4 ,4 ,4 6 .
-— , , , , Y , 4 4

—— ,,,, ,7,. a.,11 .

=mrFtmlr IIM 9=4 1960 19>s 19,. ,97s *,77 ,s7s mu u.,

IV. Hazard Functions.

The study analyzes three separate hazard functions: Normal

Operation and Maintenance(O&M), Rehabilitated, and Enhanced

Maintenance. For the electrical models, enhanced
maintenance is not applicable since there few maintenance

items for electrical systems. For the system in question,

“rehabilitation” means ‘replacement”. The rehabilitated

hazard function will be same as for a new component.
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1. The following tabulated data shows the value of the

normal O&M hazard function for the motor control center for

the Mississippi River and Illinois Waterway locks

respectively.
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2. The following tabulated data shows the value of the
normal O&M hazard function for the control cables for the

Mississippi River and Illinois Waterway locks respectively.
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v. Consequence Tabulation.

1. The consequences of failure of the lock electrical

components were investigated and include downtime to

navigation and repair costs. The consequences are

considered to be constant with respect to time and are based

solely on engineering judgment. The table shown below
indicates the conditional probability that a particular

consequence will occur given that unsatisfactory performance

has occurred.

I I

Dxm-’l’IhT REPAIR I
(mm ‘x6T

[- Onuul -.,1
(rum OXI (rums) UJsr

-it —r

I

0., 0.08 $ I, WX7.00 0.09 0.17 s 1.500.00 0.0. 0.79 $ 1.SW. O.
- s— 0.9 0.08 $ 4.500.00 0.09 0.17 $ S.C+O.00 0.01 0.79 $ s,m.c.l

Crm,xm,-,.s 0.9 ..08 * 600..0 0.., 0.0. $ 5.LWO.00 0.01 2.00 $S.om. oo

Assumptions
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1. Cm( (ix qai, of amponcm is bxcd O. rcplmammlof lhca..m:. lockconyw.cnl six.
2. Repairworkpufonncd by USACEel.cuiciam and mch..ics.
3. Incrca$edWSIasscciati wilh aquisitim of rcplaczrm.t partsNOTm-band.
4. HC breakdownass.md fo occurktwc. 1700and 1800bo.rs afkr normalbusi.css hours Tlk

is i.cl udedin the navigationdmvmim.md tic .Rinmkd repaircmL

VI . Rehabilitation Costs.

1. Rehabilitation of electrical equipment for the lock

operating machinery has been conducted at several locks on

both the Mississippi River and Illinois Waterway. A lock
facility electrical rehabilitation has cost approximately

$1.6 million. The electrical items of work included

replacement of electrical equipment for the control station,

the main lock, and all exterior electrical systems required

to operate the entire facility. Rehabilitation of the dam

is not included in this cost.

2. Approximately $350,000 of the $1.6 million was the cost

for rehabilitation of critical electrical equipment that

directly affects lock operability. Specific items included

in the rehabilitation were replacement of the motor control

center and two operator control stands. Power, control and

instrumentation cables and their raceways were also

replaced.
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disposal capacity

dredge capacity

dredge demand

dredge system

dredge subsystem

navigation structure

pool

pool failure

pool reliability

rehabilitation

safety margin

setup time

system failure

system reliability

travel time

Glossary of Terms

maximum volume of dredge material that can be disposed of in a year
limited by the availability of disposal sites, for a system or a pool

the maximum volume of dredge material that can be dredged in a year
under current dredging practices, for a system or a pool

the dredge material volume needing removal in order to maintain safe
navigation standarda in a year, for a system or a pool

one or more dredges operating on a group of pools and/or river
reaches

a single dredge or a dredging contract

a structureconstructedin divert river flow towards the main channel,
for example, a wing dam or a closing dsrn

theriverreach betweentwoconsecutivenavigationdarna

the joint occurrence in a year of the dredge demand exceeding the
allocated dredge capacity for a pool and system fsihrre

the probability of pool failure in a year
/

substarttiaf repair work to wing darns and other stmctures to maintain
the navigation channel

the difference between the dredge capacity and the dredge demand

the timebetweendredge anivaf at a site and the initiation of dredging
operations

the condition when the dredge demand exceeds the dredge capacity for
a dredge system

the probability of system failure in a yea

the travel time between dredging sites

Glossary of Terms Page iv Jllty 24, 1995
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Pcti’

Wed,

~Dd,

~Ddi

k4M&

Pds

Pi

P

Q

ei
R2

refinabilityindexforthedredging system

rcliab]lity index for pool i

dredging capacity available for pool i (yd3/year)

system dredging capacity (yd3/yeax)

capacity for pool i (yd3/year)

dnxlging material placement capacity in pool i (yd3/yer@

dredge demand in pool i (yd3/year)

system dredge demand exclusive of pool i (yd3/year)

maximum number of days in a dredging season based on the normal O&M budget
(days/year)

mean of the dredge capacity dktribution for pool i (yd3@ar)

mean of the dredge capacity distribution for tbe dredging.system (yd3/year)

mean of the dredge demand distribution for tie dredging system (yd3/year)

mean of the dredge demand distribution for pool i (yd3/year)

mean of the safety margin distribution for fhe dredging system (yd3/year)

probability of failure for the dredge system

probability of failure for pool i /

dredge production rate (yd3/day)

average daily flow (cfs)

percentage of system capacity allocated for pool i

coefficient of determination (a measure of tbe goodness of tit) for the linear regression
model

dredge setnp time (days/site)

safety margin for the dredging system (yd3/year)

safety margin for pool i (yd3/year)

standard deviation of the dredge capacity distribution for pool i (yd3/year)

standard deviation of the dredge capacity distribution for the dredging system (yd3/ym)

standard deviation of the dredge demand distribution for the dredging system (yd3/ye@

standard deviation of the dredge demand distribution for pool i (yd3/year)

standard deviation of the safety margin distribution for the dredging system (yd3/year)

standard deviation of the safety mwgin dktribution for pool i (yd3/year)

dredge travel time between sites (daysJsite)

dredge volume per site (yd3/site)
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Executive Summary

Overview

This report summarizes Phase II of the project “Channel Reliability of the Navigation

System in the Upper Mississippi River.” In Phase I of this project, two reliability models of the

navigation channel were developed by characterizing the relationships among the dredging demand

of the channel, the state of the navigation shuctures, and the river hydrography.This report shows

the application of one of the two models, the Dredge-Capacity Reliabili~ Model developed in

Phase I, to the Upper Mississippi River and the Illinois Waterway. The three Corps of Engineers

Districts responsible for the operation and maintenance of the navigation system in this region are

the St. Paul Corps District, the Rock Island Corps District, and the St. Louis Corps District.

Appkndix A gives the scope of work for Phase II of the project.

In partone of this report, we describe the navigation channel and summarize the results

from Phase I of this project. We also introduce the framework for the capacity-demand model used

for reliability modeling in Phase II.

In part two, we show how to evafuate the dredge demand for the capacity-demand model

formulation. The demand is based on examination of the relationship between the historical

dredging volumes and the hydrology for the river pools. The assessment of dredge demand is

calibrated and validated with dredging rmd flow data extracted from histonca!data provided by the

corps.

In part three, we describe. the evaluation of the dredge capacity for the capacity-demand

model. The system capacity is the sum of the dredging capacities of its component dredges. We

show how to use the capacity and demand probability distributions to calculate the probabilities of

the demand exceeding system-capacity and pool-capacity in a year.

In parts four, five, and six, we give the complete results for each of the three corps

distxicts. Results are given for the current state of the systeq the state prior to the rehabtitation

performed between 1973-1993, and for scenarios of dredge-need reduction and dredge-capacity

increase. In part seven, selected results from the three districts we given for comparison. The raw

and calculated data sets and some representative calculations are given for the three districts in

AppendicesB,C,andD.
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Tutorial of the Model

A. Dredge-Capacity Reliability

The basis of the Dredge-Capacity Reliability is a capacity-demand model, where the

capacity and the demand are represented by probability dMributions (Har 1987; Ang and Trmg

1984). In this formulation, the demand distribution is dredge demand for the dredging system or a

pool and is a function of flow. The capacity dktribution is a function of the availability of the

dredge for the system or for that particular pool. A similar capacity-demand (loading-resistance)

approach has been used for structural components of the navigation locks and dams (Shannon and
Wilson 1994).

The dredging capacity, Cd,,for the system and that the dredge demand, DA, of the system

are measured in cubic yards per year as shown in Figure ES-1a. The likelihood of system failure,

P*, is the probabWy that the pool dredge capacity (Cd~)is less than the pool dredge demand (Dds),

equal to the shaded area in Figure ES-la.

An aftemative formulation is the use of a safety magin for the dredge system, SW. The

safety margin is the difference between the system ~ge capacity (G) and the system dredge

demand (Dds). The Iiielihocd of system failure, p~, is then determined by the probability that the

safety margin is less than zero and is shown by the shaded area in F@re ES-lb.

1 f)cjs Ca ‘1

aL
~.-> 2

.- :
2 A

6 ~.-
> %
e %
‘5 ~
2~.

SafetyMarsin, W& tydVyear) L

Dre@ Demand/Capacity Volumes &#&ear)_ (b)

(a)

F~gure ES.1 Capaci~-Demand andSsfetyMarginModelsforWaterwayNavigationSystems
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B. Assessment of Dredge Demand

The dredge-demand model relates the maintenance dredging performed at the end of the

year, (Figure ES-2) to the discharge hydrography for the pool (Figure ES-3). The model

demonstrates that structural rehabilitation changes the relationship between the discharge and the

dredging. Results were developed for predicting the annual dredge vohrme for a pool from eithen

(i) the yin-averageof daily dischargelstage in the pool; or

(u) fhe number of daily falls in the pool hydrographythat exceeded the 95t~ percentile of

magnitude.

Figure ES-2 Quantify of MateriaI Dredged

from Pool 18 for the years 1973-1990

Figure ES-3 Daily Discharge in the year

1973 for the Upper Mississippi River at

Keokuk

Notice in Figure ES-4 that the relationship ,hfween annual dredge volume and average

daily discharge is linear, witlr the exception of three outlier points. A regression approach was used

to relate the dredged materiaf vo!ume to tie average daily discharge. This regression approach was

applied to two cases:(1) poolkeach structures (wing and closing dams) in good corrdition, and (2)

poolheach structures in deteriorated condition.

In the period 1983-86, Pool 18 had significant (fit%n navigation stntcttrres) rehabilitation

worfc We usdthe two data sets 1973-83 and 1987-91 to develop two regression models for pre-

rehabilifation and post-rehabilitation relationships. The regression model was then med to estimate

the mean and standard deviation of the dredge demand distribution. Assuming that the dredge

demand follows a nomrrd dis~ibution, we develops-a distribution of dredge demand for the pool

in the pre-rehabilitation condition as shown in Figure ES-5.
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Figure ES-4 Plot of Annual Volume of Dredge Material vs. Average Annual Discharge for Pool

18 (1972-1990)
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Dredge Demand (cyd)

Figure ES-5 Pre-Rehabilitation Dredge Demand for Pool 18

C. Assessment of Dredge Capacity and Reliability

Inordertoevaluatethereliabilityofthechannel,we need both the dredge demand and the

dredge capacity for each pool. The distribution of dredge capacity (cd.) for each dredging system

was estimated from the number of days the dredge is used under the normal O&M budget, the
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dredge volume per site, and the time spent per site. The time spent per site is the sum of travel

time, setup time, and production time. Dividing the number of days by the time per site gives an

estimate of the upper limit on the number of sites that can be dredged in a year. This limit is then

mukipfied by the dredge volume per site to give a vohmretric estimate of the dredge capaci!y.

Since the dredge capacity is an upper bound on the volume of material that can be dredged

in any particular year, we assumed that the dredge capacity and demand are independent random

variables. Figure ES-6 shows the plots of the Rock Island system’s dredge capacity, dredge

demand, and safety margin, assuming that these variables are normally distributed.

‘“F&
0 4co,0ro 80WX10 1x13,cc0

(a)

_Acx_
-1.owm -Sm,o’xl o Sm,oca 1$03.rm Umml

Drcd,vVOIW (cyd)

F@-e ES-6 Pre-Rehabtitation Capacity, Demrm& and Safety Margin Plots for Rock Island

Districl /

In order to evaluate the pool capacity, we defined a variable, Oi, which allocated a ‘

percentage of the system capacity to each pool based on its historical dredge demand. This

aflocated pool capacity was then used to evaluate the probability of pool failure which is the joint

occurrence of system failure and the dredge demand exdng the allocated capacity for a pool.

Summary of Results

The dredge+apacity reliability model makes it possible to quantify the re.liabfity of the

navigation channel. It is afso possible to quantify the impacts of rehabilitation of the navigation

structures subject to the availability of sufficient dredging records after the completion of the

rehabfitation effort. in addition, there exista a potential to further improve the navigation reliability

from the current condition. The actnaf improvements are dependent upon the current condition of

the channel and the dredging policy in each D~frict.
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Table ES-1 gives the vsfues of the probability of system failure and the reliability index, ~,

for the three districts under various policy scermios considered:

1.

2.

3.

4.

Pre-Rehabilitation is the condition prior to any historical rehabilitation work performed during

the analysis period which is from 1973 to 1993.

Post-Rehabilitation (or Current) is the condition after the historical rehabilitation work and

where sufficient post-rehabilitation records exist. For this reason, the impact of rehabilitation

work performed during the last four to five year-sof the study period cannot be evaluated.

Enhanced Capacity is the condhion where a twenty percent increase in the mean dredge

capacity is assumed due to increased spending on dredging operatiom in the O&M budget..

Reduced Demand is the condition where a twenty percent reduction in dredge demand is

assumedduetostncturalorotherrehabllkationworkperformedonthenavigationstructures.

Table ES-1 Summary of System Reliabilities for [hethreeDistricts

Scenario Results St. Paul Rock Island St. Louis

Pre- Pr(faihsre) 0.1562 0.3745
Rehabilitation b 1.01 0.32

Post- Pdfailnre) 0.1515 0.0233 0.4602
Rehabtitation !3 1.03 1.99 0.10

Enhanced Pr(failure) 0.0934 0.0015 0.2451 ,
Capacity b 1.32 2.96 0.69

Reduced Pr(faihrre) 0.1314 0.0048 0.2005
Demand B 1.12 2.60 0.84

The St.PaulDistricthas maintaineda highchannelreliabilityprimarilythroughthe

maintenanceofa high dredge capacity by using contract dredges in addition to the government

hydraulic and mechanical dredges. Results are also given for scenarios of dredge-need reduction

and dredge-capacity increase. The scenario results show that an increase in the mean of the

dredging capacity is much more efi”ectivein reducing the probability of failure than a reduction in

dredge demand.

The Rock Island District has significantly improved its channel reliability through extensive

and continued rehabilitation of navigation structures. Thk improvement illustrates the benefits of

rehabilitation of the navigation structures and underscores the importance of continued maintenance

of the navigation structures to avoid a return of the navigation channel to the less reliable pre-
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rehabilitatedstate.Potenfialforfurtherimprovementexiststhroughdredge-needreductionand

dredge+apacityincrease.

In the St. Louis District, there is a potential to improve the channel reliability through

increased capacity and/or rehabilitation of river training structures. The results of the scenario

analysis show that demsnd reduction has a greater impact on the reduction of probability of system

failure as compared to increases in dredge capacity.
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1. Introduction

The Upper Mississippi River (UMR) begins at Lake Itasca in Minnesota and ffows

generally southwards, fed by several tributaries such as the Minnesota, St. Croix, Wisconsin,

Rock, Des Moines, and Iflinois Rivers. Just above St. Louis, the UMR meets the Missouri and

then joins the Ohio River near Csiro, Illinois (Tweet 1983). The first five hundred miles of the

river downs&earn from Lake Itasca to Minneapolis is not navigable and is thus not a part of this

study. The reach from Minneapolis to Cairo, a distance of over eight hundred miles, forms the

Upper Mississippi River Navigation System (Figure 1.1). Of these, the distance from St. Lortis to

Minnesota is navigable by means of a series of low navigation dams and associated locks which

form a sequence of pools in the river. The reach from St. Louis downstream is navigable without

requiring any locks and dams and forms the open river.

The Corps of Engineers has been responsible for the construction, operation, and

maintenance of the Upper Mis.sksippi River navigation system for more than a century. The Corps

developed the original navigation system by making the Dcs Moines and the Rock Island rapids

navigable. Moreover, the Corps was in charge of the constmction of the 4 l/2-foot channel, the 6-

foot channel, and the 9-foot channel projects. Cmwmtfy, the navigation channel on the Upper

Mississippi River is mandated by the U.S. Congress to be 300 feet wide and nine f~t deep.

Sedimentatiorr in the navigation channel reduces the depth availab!e for navigation. The

Corps of Engineers maintains the required navigation standard through the use of structural

measures, such as wing dams and closing dams, as well as the use of maintenance dredging;

however, these measures have an associated cost. In addition, there are severaf environmental

concerns associated with the dkposal of dredged materisf. Aside from the enviromnerttaf concern,

the physical deterioration of the various structures, including wing dams and closing dams, can

also impm”tthe need for dredging of the channel.

The Corps is currently undertaking a study to assess the future navigation needs and their

economic, environmental, and other impacts. This project is part of that larger study. Examining

the tradeoffs between costs, benefits, and reliabilities is a nccessaq part of the over-allassessment

that can eventusfly include uncertainties about the ecological impacts of navigation activities.

Quantification of the navigation channel reliability is the first step in the development of a

systematic framework for the management of the river navigation system that eventually includes

examination of the tradeoffs among costs, benefits, and reliabdity.
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Figure 1.1 The Upper Mississippi River System
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Inordertodevelopthisframework,we mustfirstanswerseveralquestions:What exactly

isthenavigationchannelreliability?Can we quantifyh,thatis,constructa reliabilityfunctionfor

it?The ~nswer~totheseq“esticms will ~lOW us to manage the navigation system effectively.In

thisproject,we attempttoanswer thesequestionsand developmeasuresand models forthe

navigationchannelrefinability.

2. Previous Results

This section summarizes the work performed by the Center for Risk Management of

Engineering Systems, University of Virginia, in Phase I of the project “Channel Refinabilityof the

Navigation System in the Upper Mississippi River.” This project has a heavy reliance on the

shwcd documents and discussions among the Center and the Rock Island St. Paul, and St. Louis

Distrjcts of the Corps of Engineers. In Phase I, two reliability models were developed for the

navigation channel by characterizing the relationships among the annual dredge needs of the

channel, the states of the navigation structures, and the river hydrography.These models were

applied to ad evafuated in a representative sample of navigation pools of the Upper Mississippi

River.

An important purpose of the reliabtity portion,of the Upper Mississippi River navigation

study is to project general fmtding requirements to maintain the navigation project in the fiture.

The objective was not to decide exactly which projects sftonldbe built-a role which remains in the

domain of prof~sionaf enginexing judgment, personal maintenance experience, and models of the

physicaf processes involved-nor to give accurate forecasts of needed resources in the short term.

Rather, the role of the models described in the Phase I report was to provide foundations upon

which to quantify the benefits of increased rehabilitation funding for wings dams and closing dams

on a systcm-wide basis and over a period of many years, There were two reliability models for the

navigation channel d~ssed in that report-one associated with the need for dredging of the pool

and the other with the dredging of the reach. These models arc complementary approaches to

demonstrating the reduced-dredging benefits associated with rehabilitation of chmmelization

structures.

2.1 Dredge-Capacity Reliability Model

The dredge-capacity reliability model generates a probabilistic description of the annual

dredge need for a given pool based on an assumed relationship between dredging and underlying

features of the hydrography. Underlying features that are considered include the average daily
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dischargethroughthepool,thenumber offallsofthehydrography,andthenumber offlowpeaks,

where the hydrographyfeatures are modeled as random variables. The dredge-capacity model also

estimates a probability distribution of annuaf dredge need for the pool that is expected if significant

rehabilitation is performed pool-wide. The two probability density functions, one of the

unrehabilitated and one of the rehabilitated pool, are useful to characterize the variable cost of

dredging the pool, or a system of pools that are similarly evaluated. A function relating the pool-

dredging amount to the cost of dredging is required for this purpose.

In principle, one can usc the probability function of dredge-need for the pool to evaluate the

dredge-capacity reliability i he following two-step process:(1) define the armuaf capacity of the

dredge operator(s) for the given POOLartd (2) calcufafc the probability that the dredge need exceeds

the capacity. A potentiaf limitation of this approach that it is not common to fm the capacity of

dredging for in&lviduaI pools. In phase II, however, a capacity-based approach was used to allow

economists to distinguish and characterize a failure of the system as an exceedance of the normal

operating budget for dredging.

However, there is an intermediate result in this model that gives insight into the need for

dredging on the pool-wide seafe the plot of armual dredge amount versus average daily disch~ge

for the yea (or versus some other aftemate hydrograp>featnre, several of which were analyzed in

Phase I of this project). From this curve it can be useful to study the impact of pool-wide

rehabilitation on the relationship between dredging amount and the hydrography in the year ‘

preceding dredging.

It is important that excessive dredging is not perceived as a failure by the channel user, but

only by the channel operator. In real situations, the barge-and-tow operator is indifferent to the

need for dredging and only learns of failure when the channel geometry is inadequate for the

traffic. The dredge-capacity reliability is pardcnfarly relevant in planning for channel maintenance.

2.2 Reach Reliability Model

As a complement to the pooi model described above, the evaluation of channel reliability

can be extended down to the level of indlviduzd ‘reaches to better understand and characterize the

impacts on channel sedimentation associated with individual sm.rctural rehabilitation’s. Thus, a

reliability model thatuses dataon individualreachesas thestatisticalbask foran ideal

characterizationofsedimentationtothechannelhaabeendeveloped.Tfrisreachmodel can he used

to generate a chart of the Upper Mississippi River on which the estimates of channel reliability are
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provided for all reaches together with the potential for improving the reach reliability by the

rehabilitation of structures. Application of the reach model will yield a general picture of the

benefits of rehabilitation—based on the identified significance of the parameters affecting

sedimentation at the reach level—but the model is not able to recommend projects at specitic

reaches. The amount of dredging is not considered in this model because it is assumed that set-up

costs dominate the cost differences (between drcxtgingevents) attributable to dredging volume for a

particular reach.

The inter-dredge reliability model gives the probability that in some time intervaf no

dredging is required in a pmtictdar reach. This probability is called the inter-dredge refinability.Tfte

inter-dredge model afso estimates the improvement in inter-dredge reliability to be expected if the

reach is rehabilitated. The inter-dredge model assumes that a reach can be chwacterized by a smslf

set of parameters representing the channel morphology. A weighted sum of the parameter values,

with weighting coet%cients estimated from the rcaf system, gives both the estimate of reliability and

the expected improvement in reliabtify from rehabilitation. It is i@mtarrt to distinguish the outputs

of this ideaf-process model of interdrcdge reliabifhy, which generates the frequency of the need to

dredge expected from an idealized reach-by-reach model, from the observations of the real system,

which are dredgirtg records influenced by dredging poficy shifts and other factors not related to the

need to dredge.
/

Consider a group of reaches where dredging is performed. A plot can be generated of the ‘

interdredge reliability, for a given itttervrd of time such as five yesm, as a function of river mile.

Recall that inter-dredge reliability is generated, considering an idealized process of deposition to the

channel reach, every 0.1 mile where dredging is performed. The potential improvement in inter-

dredge reliability can be shown on the same plot. .4s a complement to the above plot of inter-

dredge refinabilityand the potentiaf for its improvemen~ a histogram can be generated showing the

number of reaches in the group that fafl in various ranges of inter-dredge reliability, both for

unrehabiitated reaches and using the model of tehabtitated reaches. The results are useful as input

to a model that evafuates the impact of dredging frequency on cost to the system operator. A

function relating dredging frequency, for individual reaches, to the cost of dredging to the system

operator would be qti.d as a component of the cost analysis.

2.3 Comparison of Models

The reach model of reliability does not replace the predictive model of annual dredge

volume for a pool. Rather, the two approaches are complementary and have different uses in
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assessingthestateofthenavigationchannel.Both approachesareusefulfordemonstratingthe

tsenefitaofrehabilitationtothechsnnelizadonstructures.Itisimportanttoconsiderthatneitherof

thereliabilitymcarures,forthepoolorforthereach,looksbeyond theissueofdredging.For

example,increasedchannelcurrentsthathindernavigationandtheenvironmerrtafandotherimpacts

ofstructureson theriverarenotaccountedforh themodels.Thesefactorswould have tobe

includedinsnengineeringstudyofspecificrehabifitadonprojects.

Table 2.1 compares the key features of the dredge-capacity and the inter-dredge models,

each of which is dc.scribed in detail in the Phase I Finaf Report (Center 1995). Used together, the

models provide for a comprehensive evaluation of the reliability of the navigation channel from the

viewpoint of the channel operator concemcd with rehabilitation of channefization structures and

maintenance dredging.

Table 2.1 Comparison of Dredge-Capacity and fnter-Dredge Refiabitity Models

Feature Dredg;;~ity Inter-Dredge Model

1. Spatiaf resolution of the process Pool-based (-10-30 Reach-based (0.1 mile)
miles)

2. Formulation of reliability model Loading-resistance Time-to-failure model
t%del

3. Considers frequency of dredging No Ycs ,
4. Consirkm totrd vohrme of dredging Yes No

5. Quantifies impact of rehabilitation on Yes Yes
dredzirre

Phase If of this project builds on the Dredge Capacity Reliability Model developed for the

pool reach. It was decided that the Inter-dredge Reliability Mo&l woufd not be fortkr pursued in

Phase II. Discussion of the two models is contained within the Firraf Report (Finaf Version dated

January 31, 1995) for CbanneI Reliability of the Navigation Svstem in the Urmer Mississirmi

IL&&I,developed by the CenterforRiskManagement ofEngirtceringSystems,Universityof

Vkginia(Center1995).

3. The Capacity-Demand Model

fnthissection we will discussthebaskfortheDredgeCapacityReliabilityModel,whichis

problem formulationin termsof a capacity-demandmodel.The approachselectedforthe
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assessmentofsystemreliabilityk intermsofa capacity-demandmodel,wherethecapacityandthe

demand arerepresentedby probabilitydistributions(Harr1987;Ang andTang 1984).A similar

approachisUS~ fortheCOWS ruaintainedstmctumlcomponentsofthenavigationlocksanddams

inShannon andWilson(1994).Inthisformulation,thedemand distributionisdredgedemand for

thedredgingsystemorapoolandiscomputedusingthemodeldevelopedin Phase I. The capacity

distribution is a function of the availability of the dredge for the system or for that particular pool.

In this section, we illustrate the relationships required to obtain the reliability for the system and for

each pool.

Let us assume that the dredging capacity available for pool i, Cd, is measured in cubic

yards per year, and that the dredge demand of pool i, D,, is also measured in terms of cubic yarda

per year as shown in Figure 3. la.

The probabilityoffailureforpooli,pj,isthengivenby theprobabilitythatthepooldredge

capacky(Q,) k lessthanthepooldredgedemand @l).Thisprobabilityoffailurek shown by the

shadedareainFigure3.la.

pi = R(G c Di) (3.1)

dAo alternative formulation is tie use of a safe margin for pool i, SMi. The safety margin

is defined as the difference between the pool dredge capaci~ (CdJ and the pool dredge demand ‘

(Di).

SMi = ~i - Di (3.2)

The probability of failure for pool i, pi, is then given by the probability that tire safety

margin is less than zero and is shown by the shaded area in Figure 3. lb.

pi = I%(SMi< O) (3.3)
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Figure3.1 Capacity-Demand and Safety Margin Models for Waterway Navigation Systems

Safely MarSin, SM i (cubic yards)_

‘ The reliability index (pi) for a pool has been defined as the ratio of the mean of the safety

margin to its wuirmce (USACE 1992).The ~-krdexwillnotbeappliedtothepoolsinthisproject.

E[SMi ]
Pi=—=

E[Cdi – Di ]

““i =

(3.4)

where

3.1 System

~sMi is the standard deviation of safety margin in pool i,

crcd is the standard deviation of ddge capacity in pool i, and

aDi is the standard deviation of dredge demand in pool i

Reliability

Once the dredge demand and capacity distributions for the system have been obtained, we

cm obtain the distribution of the safety margin. This distribution can then be used to obtain the

value of the probability of failure for the system. The moments of the safety margin cars be

computed given the moments of the dredge demand and the dredge capacity. Specifically, we have

kM& = ~C& – ~Dd, (3.5)
and

-7‘SMd~ – ‘C& + ‘D& (3.6)

where ps~d~ is the mean safety margin for the dredge system,

pcd~ is the mean dredge capacity for the dredge system,
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yDd~ k themean dredge demandforthedredgesystem

OSMd, k thestandarddeviationofsafetymarginforthedredgesystem,

Gc& k thestandarddeviationofdredgecapachyforthedredgesystem,and

GD& isthestandarddeviationofdredgedemand forthedredgesystem

assumingthatthecapacityanddemand am independent.The probabilityy offailurecarsbe seenas

theareaunderthecurveinfigure3.lb that is less than zero. The value of the reliability index (~d~)

for the system can be computed using equation 3.4 as (USACE 1992)

E[s%,]&=_ for normal distributions
%M&

(3.7)

3.2 ,Pool Reliability

The distribution of pool capacity (C,) can be established based on the following two limit

states:

3.2.1 PoolDredgingCkpacity

System failure is the condition when the dredge demand exceeds the dredge capacity.

However, pool failure would not necessarily occur in cases where the pool dredging capacity is

exceed@ since excess dredging capacity coufd poterrtirdlybc moved from other pools. In order to

evahratc the pool reliability, we define a variable, ~i, for each pool such tirat

(3.8)

where ~Di is the mean dredge demand for pool i, and

VD6 is the mean system dredge demartd

The system dredging capacity is therefore alfocated to each pool based on its expected demsn~ or

Cd = ei ● Cd~ (3.9)

where Cd k thedredgecapackyforpooli
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3.2.2 Pool Placement Capacity

A secondlimitstateforeach poolreachwillbe imposedbasedon theavailabilityof

dredgedmaterialplacementsheswithineachpool,(Cpi).

3.2.3 Pool Capacity

Exceedanceofeitherthedredgingcapacityortheplacementcapacitydefinedabove in

undesirablecondition.So that

Ci = min [Cdi, CpJ

where Ci = Minimum Capacity for Pool i bawd on dredging capacity ad placement site
availability.

For the current phase of this project it was determined by the Corps Districts that the placement

capacity was not a limiting constraint in any of the three Districts and not anticipated through the 50

yew planninghorizonof thisproject.However, placementcapacitycouldbecome a system

constraint at some time in the future. As environmentally acceptable placement sites become more

scarce and harder to find in the future, dredging costs wifl increase accordingly. Therefore the pool

dredging capacity was not considered for further analysis.

Ignoring the pool placement capacity, we can ~en define the failure of a pool i to occur

when its demand is more than its “fair shine” of the system capacity (condition A) and the system

demand is greater than the system capacity (condition B).

where A is the condition that ei Cd~< Di, and

B is the condition that Cd~ < D~

Then Pr(A AND B) = Probability of Failure . Pr(A). Pr(Bkl)

= Pr(EtiC& <Di)*Pc(C& <D,leiCd, <Di)

= plfeic~ <Di)-pr((l-8i)cd~<D<) (3.10)

Equation 3.10 detirrcs the condition of pool faihrm as the product of the probability that the pool

demand is exceedktg its fair sham of the system capacity and the probabifhy that the demand in the

rest of the system is exccdhg the capacity remaining in the system after allocating the capacity for

pool i. Note that the reliability index (pi) for each pool is not meaningful since the probability of

pool failure relies jointly on two events: the allocated pool capacity exceedance and the rest-of-

system capacity exceedance. Therefore the pool reliability index is not computed.

Pall 1 Page 11 JUIY 24, 1995



Channel Reliability oftheNavigationSystem in the Upper Mississippi River Phase II Final Report

Part II

Dredge Demand
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4. Assessment of Dredge Demand

The dredge-capacityreliabilitymodel developedin Phase1 generatesa probabilisdc

descriptionof theannualdredgedemand fora givenpoolbasedon an assumed relationship

betweendredgingandunderlyingfeaturesofthehydrographymeasuredintermsofthedischargeor

thestage.Underlyingfeaturesthatwereconsideredincludetheaveragedailydischarge through the

pool, the number of falfs of the hydrography,and the number of flow peaks, where the hydrography

features are modeled as random variables. The average daily discharge was the variable selected for

use in the model. Io addition to the amnrstfdredge demand for the unrehabilhated pool condition,

the &edge-capacity model afso estimates a probability distribution of annual dredge demand for the

pool that is expected if significant rehabilitation is performed pool-wide. By significant

rehatdlitation, we mean that four or more navigation shucturcs have been rehabilitated in the time

period under study. These two probabdity density functions, one of the unrehabilitated pool and

one of the rehabilitated pool, are useful to characterize the variable cost of dredging the pool, or a

system of pools that are similarly evaluated. A function relating the pool-dredging amount to the

cost of dredging is required for this propose.

The term “rehabilitated pool” thus means that-a portion of the channel training stmctrrres

within the pool have been rehabiitakxf during the study period (1973-1993) in rut attempt to reduce

the dredging. Zrdoes not indicate that all of the training structures within the pool have been

rekbikl.zed

In principle, one could use the probability function of dredge-demand for the pool to

evaluate the dredge-capacity reliablfity in the following two-step process (1) define the annual

capacity of the dredge operator for the given pool; and (2) calculate the probability that the dredge

demand exceeds tire capacity. A potential limitation of thk approach is that it is not common to fm

the capacity of dredging for individual pools.

However, an intermediate result in this model gives an insight into the demand for dredging

on the pool-wide zeale the plot of annuaf dredge amount versus average daily discharge for the

year (or versus some other extremaf-oriented hydrographyfeature). From this curve the impact of

pool-wide rehabilitation on the relationship between dredging amount and the hydrography in the

year preceding dredging is studied.
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It is importantthatexcessivedredgingk notperceivedasafailureby thechanneluser, but

only by the channel operator. In real situations, the barge-and-tow operator is indifferent to the

demand for dredging and only learns of faifure when the channel geometry is inadequate for the

traffic. The dredge-capacity reliability developed in this model is particularly relevant to the

manager who is planning for channel maintenance.

Assumptions of the Pool-Based Model

The pool-based model is an attempt to relate the discharge hydrography for a pool to the

maintenance dredging performed at the end of a given year in the same pool. frrtportantly, the

model dcmonsttates that structural rehabilitation changes the rekstionahipbetween tltc disdarge and

the dredging on a pool-wide and on a year-to-yew scale. Results were developed for predicting the

annual dredge volume for art entire pool from either:

(i) theyear-averageof daily dischargdstageinthepool(eq~vafently,totaldischargeforthe

yaw) intheyearpreceding the dredging or

(i) the number of daily falls in the pool hydrographythat exceeded the 95ttI percentile of

magnitude in the year preceding the.dredging.

For a given pool, the pool-based model predic~ the amount of dredged material in a year

from the daily hydrography over a period of a year preceding the dredging. Specifically, a ‘

regression approach is used to relate the dredging amount (cubic yards) to either the number of

daify fafls in river stage that exceed a given threshold of magnitude or the average daily dischmge.

This regression approach is tested and extended to ex-e the following two casex (I) poolfreach

structures (wing and closing dams) in good condbion, and (2) Pod/reach structures in deteriorated

conditions. The underlying assumption was that abmpt falls in the river stage result in a net

sediment deposition in the channel. This assumptions was subsequently confii in phase I of

this study. fn phase I, we discovered that the number of large daily fafls of the hydrography is

strongly correlated with the number of large daily nscs in the same year. The mechanism of

sedimentation in the channel crossings is that increases in flow cause deposition in the channel bed

which are then scoured out by fafls in the flow. However, rapid falls in the flow prevent these

deposits from scouring out, thus leading to net sediment deposition from the same river stage prior

to the rise. In addition, a higher daily discharge increases the sediment carrying capacity of the

river and thus more sediment is available for deposition. An example of this process is the 1993

flood when there was a high peak followed by a slow fall. This long fall scoured out the deposits

on the crossings, leading to reduced dredging requirements for the channel thrm is expected from
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such a flood of that magnitude. Note that this sedimentation mechanism is valid for the pools of the

Upper Mississippi River, the open river mechanism is different.

Several approachesforpredictingthepoolannualdredgevolumeweretriedpriortothatof

usingapproaches(i)and (ii) described above. Some alternative approaches considered were the

use of the peak annual hydrography; the number of days dkcharge hydrographyis above a given

threshold flow; and the number of rises together with the number of falls in up to 10 prespecified

ranges of magnitude. These alternative approaches were tested with vsrious time lags and

averaging (smoothing) of the dependent and independent variables. It turned out that the simpler

models gave p~dicrive results that were equivalent in quality to the more complex approaches. In

particular, a linear relationship between the year-avesage discharge arrd the amurafdredge volume is

found acceptable. Furthermore, remrlts were obtained to suggest the impact of rehabilitating

ch~elization structures-the linear dredge-discharge relationship showed a reduction in dredging

from pre-rehabilitation to post-rehab~hation conditions for all magnitudes of discharge.

Since the probability distributions of the number of fafls in a year (as well as the average

daily dkcharge) can be estimated from the data, the functional relationship between either the

average daily discharge or the falls and the dredged amount &terrnines the probability distribution

for the dredged amount. The distribution describing,the dredged amount makes it possible to

evaluate a measure of the reliability of the pool. The dredge-capacity rekbility is defmerl as the

probability that the dredging required in a pool or reach exceeds some predefine value in a year. ‘

In thk model, a failure of the channel or pool is assumed to occur when the dredging reqnircd

exceeded the capacity of the dredging system. This approach conforms to the starrdsrd formulation

in reliability engineering in which both the potential “loading” on a design and the “resistrmce” of

the design are considered. The reliability is then calculated as the probability that the resistance

exceeds the loading for the planned lifetime of the design. Therefore, this model taiies the annual

dredge demand to be a “loading” on the channel system and the fixed capacity of the dredge

providers for a given pool to be the “resistance.” The pool model requires that any pool in which

the modeI is to be applied be tested to estirnite its own (potentially linear) relationship between

dredge demand and discharge on the year-to-year scafe. In the following section, we estimate these

relationships for the pools of the Upper Mississippi River where Iristoricsl dredging records are

available.
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5. Assessment of Pre-Rehabilitation Dredge Demand

Figure 5.1 depicts an example hydrographyfor the Upper Mississippi River at Keokuk for

the year 1973. Since we assume that the sedimentation rate is a function of the river dkcharge, we

demand to relate discharge to sedimentation to the channel.

Dredging records thus help to establish a baseIine for the dredge demand in a particular

pool. Figure 5.2 shows the actual amount of dredging in Pool 18 during the period 1973-1990.

This model is therefore meant to be applied to each complete pool.

=-Y.

Figure 5.1 Example hydrographyfor the

Upper Mississippi River at Keokuk

Y-

Figu< 5.2 Quantity of material dredged from

Pool 18 during 1973-1990

5.1 Prediction of Dredge Demand for a Pool: Regression Model

once we obtaintheplotsshown in Figures 5.1 and 5.2, we can perform a regression of the

volume of dredge material against the average daily water dk.charge. Such a plot of the data in

Figures 5.1 and 5.2 is shown in Figure 5.3 for the period 1973-1990 (the year corresponding to

each data point is indicated in the figure).

Notice in Figure 5.3 that the relationship between annual dredge vohmte and average daily

discharge can be represented roughly by a linear fmrction, with the exception of three outlier

points.

POO118underwent significant ( 15 navigation structures) rehabilitation work in the period

1983-86. This offers us the opportunity to analyze the impact of this historical rehabilitation work.

Therefore we exclude the data for those years and use the two data sets 1973-83 and 1987-91 to
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developtwo regressionmodels for pre-rehabilitation and post rehabilitation relationships. Table

5.1 shows the average daily discharge at Keokuk and the annual dredging amount for the pre-

rehabilitation period.

18&Xll

?

73
%

160QC0

0 20CO0 40000 60CO0 80000 100000 120QO0

Average DaityDkcharge
/’

Figure 5.3 Plot of annual volume of dredge material vs. average snrtual discharge for Pool 18

Table 5.1 Pre-Rehabtitation Dredge and Discharge Data for Pool 18

AcfurdDredge Average Daily Predicted Dredge
Volume (yd3/year) Diwtige (cfs) Volume (yd31yea)

1973 178812 118553 124168

1974 127855 93714 91947

1975 119230 74066 66459

1976 44151 55340 42167

1977 5885 30382 9791

1978 11166 77995 71556

1979 38911 90534 87821

1980 70380 64423 53950

1981 57490 63877 53242

1982 92650 87934 84449

1983 50986 109147 111967
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Equation 5.1 shows the regression models for the pre-rehabilitation data set. The

regression results show a correlation of 0.617 hetwezn the dredge volume and the discharge and a

value of R’2of 0.38.

DPCe.rehab= 29620 + (1.297)(Q) (5.1)

where Dpre.mbabis the dredge demand prior to the stmcturrd rehabilitation during 1983-86

Equation 5.1 is used to compute the predicted dredge demand for Pool 18 aa shown in

Table 5.1. These valuea for the predicted dredge demand are then used to compute the mean and

standard deviation of the dredge demand dktibution. Assuming that the dredge demand foflows a

normal distribution, we can then develop a distribution of dredge demand for the pool in the pre-

rehabiikation condition aa shown in F@rre 5.4.

0.000015I

“o

Figure 5.4

5.2 Prediction of Dredge

50000 Xm 15000Q 2ooOoil

Dredge Demand (cyd)

Pre-Rehabilitation Dredge Demand for Pool 18

Demand for a System

From the study of the resufta for average daily dkcharge for the year and the number of

daily falls in disclmge in that year exceeding the 95~ percentile, it was determined that the average

daily d~charge (or stage in cases where the discharge data was not available) was at lca.stas good a

predictor. Therefore, the average annual dischatgelstage was used to compute the predktcd dredge

demands for the pooIs. These are summarized in Table C.2 for Rock Island District. The sum of

the demands of the individual pools (DJ gives us the system dredge demand (Dal,).

Dd~= ZDi (5.2)
1
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The determination of the rest-of-system dredge demand, D=i, is required for the

computation of the pool reliability. This can be computed for each pool i by subtracting the pool

demand, Di, from the system demand, D& The computed data for the rest-of-system demand is

shown in Table C.3 in Appendix C for Rock Island District.

D< = Dd~–Di (5.3)
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Part III

Dredge Capacity
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6. Assessment of Dredge Capacity

It is important that excessive dredging is not perceived as a failure by the channel user, but

only by the channel operator. In real situations, the barge-and-tow operator is indifferent to the

need for dredging and only learns of failure when the channel geometry is inadequate for the

traffic. The dredge-capacity reliability developed in this model is particularly relevant to the

manager who is planning for channel maintenance.

6.1 System Dredge Capacity

The distribution of dredge demand for each pool has been computed as shown in the

preqous section. Thus in order to compute the reliability for the navigation channel in each pool,

we need to develop a dredge capacity for each pool. The dkribution of dredge capacity (CA) for

each dredging system is defined as:

c&=[s+Tl+YJM”v (6.1)

where ~ . dredging capacity for the system (yd3/yr@
M = nmximtrm number of days in a dredging season based on the normal O&M budget

(dayslycar)
V = dredge volume per site (yd3)
S = dredge setup time in days (e.g., 1-2 dayskite)
T = dredge travel time in days (e.g., 1-2 daysAite)
P = dredge production rate (yd3/day) ~

The fmt part of equation 6.1 gives us an estimate of the time spent per site, that multiplied

by the number of days in the dredging season (M), gives us the maximum number of sites dredged

per yezw,which is then multiplied by the dredge volume per site (V) to obtain the system dredge

capacity. Some of these variablrs are deterministic (point values) while others can be represented

by distributions. We can therefore model these as random variables and calculate the means and

standard deviations of these distributions either from historical data or subjectively from

management information. Table 6.1 shows the data provided by the Corps for the computation of

system dredge capacity. Given tbe values of the moments of the variables and the functional

relationship between them (equation 6.1), we cm calculate the approximate mean and standard

deviation of the system dredging capacity using a Taylor Series expansion (Benjamin and Cornell

1970).
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Table 6.1 Values of Capacity Variables for Rock Island District (Dredge Thompson)

Variable v cd~
(&y%@ (cyd/site) (day~site) (dayTsile) (q;&y) (CY&year)

N 71 52,902 0.21 0.50 12,060 734,055
Ci o 39,544 0.00 0.00 0 145,905

6.2 Pool Capacity

‘ kprinciple, onecodd wetieprobabih~ tictionoftidge-need fortiepool toevduate

tie drcdge+apacity refiabifity in the following two-step process (1) define the annual capacity of

the dredge operator for the given pool; aad (2) calculate the probability that tbe dredge need

exceeds the capacity. A potential limitation of tlds approach is that it is not common to fix the

capacity of dredging for individual pools.

In order to evaluate the pool reliability, we define a variable, Oi, for each pool which is

computed according to equation 3.8. The system capacity is therefore allocated to each pool using

equation 3.9. Table 6.2 shows the vahre of the capacity allocation variable (Oi) and the resultant

pool capacities for each of the pools of the Rock Island District-

Table 6.2 Aflocated Dxedge Capacity for the Pool(of the Rock Island District (cyd/year)

7. Assessment of Probability of Failure

7.1 System Failure

System failure is defined as tbe condition when the dredge demand exceeds the dredge

capacity for a dredge system. Assuming that the capacity and the demand are independent,

equations 3.5 and 3.6 can be used to compute the moments (mean and standard deviation) of the

safety margin. Since the dredge capacity we computed is an upper bound on the volume of dredge

material that can be dredged in any particulsx year under the normal O&M budget, we can assume

that the dredge capacity and demand are independent random variables. Figure 7.1 shows the plots

of the system dredge capacity, system dredge demand, and the system safety margin assuming that

these variables are norrmdly distributed.
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Figure 7.1 Pre-Rehabilitation Capacity, Demand, and Safety Msrgin Plots for Rock Island

DEtrict

The probability of system failure can be seen as the area under the curve in figure 7. lb that

is less than zero and can be evaluated from the nomml probability tables as 0.3745. The vafue of

the r’eliabtity index (&LJ for the system can be computed using equation3.4as

E[sMd,] 126929 = 0,32pd, =—..—..—. —
‘SM& 393,073

7.2 Pool Failure

Note again that system failure is the condition when the dredge demand exceeds the dredge

capacity. However, pool failure does not nccessarify occur when the allocated pool capacity is

exceeded, since excess capacity could potentially be moved from other pools. Pool failure is

defined as the joint occunence in a year of the dredge demand exceeding the a!located dredge

capacity for a pool and system faihue.

Given the dredge demand for each pool (Table C.3) and the alfocated dredge capacities for

the pools (Table 6.2), we can now compute the ssfety margin for the pools of the Rock Island

District. Equation 3.10 is then used to compute the probability of pool failure. Table 7.1 gives

these pool failure probabilities. Table C.5 shows the intermediate computafionaf resnlts for

obtaining these probabilities for the Rock Island District dredging system.

Table 7.1 Probability of System and Pool Failure for Historical Prc-Rehabilitation Condition

(Rock Jslsnd District)

Pool [ 11* I 12 13* I 14* [ 15 16* I 17 la* 19 20* 21* 22* System

Pi 0.1576 0.16s1 0.1645 0.1679 0.1828 0.1577 0.1693 0.1533 0.1666 0.1533 0.1489 0.1589 0.3745

* _ rehabiljta[i~” was performed i“ the pOOI betwerx 1973-1991 and the demand is calculated from tbe pre-

rehabilitation da!a only
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Part IV

Results for St. Paul District
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8. Analysis of Dredging Operations in St. Paul District

8.1 Assessment of Pre-RehabiIitation Dredge Demand

Table B. 1 shows the historical dredging data for and Table B.2 shows the average annual

dkcharge for the pools of the St. Paul Dkxrict. We use these data in the procedure developed in

section 5 to compute the predictive dredging demand for the pools in the St. Paul Dkmict. These

predictive dredging voIumes are shown in Table B.3. Figure 8.1 shows the plots of the pre-

rehabilitation dredging volumes vs. the average annual discharge or the stage for the 11 pools on

the Upper Mksissippi River in the St. Paul District. The ‘x’ marfra shows the actual dredge-

dkcharge data ond the straight line shows the predictive War regression fit to the data p@ts.

. Based on the regression data for the time period under consideration (1975-1993), we can

calculate the means and standard deviations of the dredge demand for each pool as given in Table

8.1.

Table 8.1 Pre-Rehabilitation Dredge Demand for the Pools of the St. Paul District (cyd/yeru)

Pool 1 2 3 4 5* 5A 6 7* 8 9 10 System

PD~ 30,953 86,319 S,195 251,297 65,217 37,334 7,s39 34,149 44,379 31,211 24,735 621,628

on, 2.330 32,427 3,500 82,0S9 52,905 4,259 i,131 11,965 13.128 6,286 3,762 201,061

* — reh~lti~ti~~ ~= ~flom~ in pwI~ 5 ad 7 ~w&n 1975-1993 and the &mand is CZ4culatad from the pre-

rehabilitation data onfy

8.2 System Dredge Capacity

The St. Paul Corps District employs three dtifererrt dredging systern.y the hydrafllc dredge

Thompson, government mechanical dredge, and contract mechanical dredge. In order to compute

the system dredge capacity we need to compute the dredge capacities of these individual dredge

subsystems. We can use equation 6.1 to compute the mean and standard deviation of the dredge’

capacity for each of the dredge subsystems. Tables 8.2, 8.3, and 8.4 show the input data and the

resuIts of the three subsystems.

Table 8.2 Values of Capacity Variables for St. Paul District (Dredge Thompson)

Variable s
(tiyt=)

Cds
(cylite) (daydsite) (dayjsire) (q:&y) (cYdyear)

u 150 50.398 0.33 0.50 12,000 1,501.974
a o 55.416 0.00 0.00 0 1.349,215
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Table 8.3 Vafues of Capacity Variables for St. Paul Dktrict (Government Mecharricrd)

Variable v T Cd,
(&y$w) (cydkite) (rtay~site) (&y5/site) (wP&y) (CYdw.r)

!J 120 10,402 0.04 0.50 2.340 250.299

0 0 10,548 0.00 0.00 0 72,044

Table 8.4 Vafues of Capacity Variables for St. Paul District (Contract Mechanical)

Variable Cd,
(&#m) (Cy’k (dsy2kite) (ds:tita) (@p&y) (’7*=)

P 120 12,452 0.04 0.50 2,340 254.856

c o 10,540 0.00 0.00 0 37,684

The system dredge capacity is the sum of the three dredging subsystem capacities as

calculated in Tables 8.2-8.4.

8.3 Pool Dredge Capacity

Using the approach outlined in section 6, we can now compute the allocated dredge

capacities for the St. Paul pools based on the dredge demands from Table 8.1. These capacities are

shown in Table 8.5. /

Table 8.5 Allocated Prc-Rehabfitation Dredge Capacities for the St- Paul Pools (cyd/year)

Pool 1 2 3 4 5* 5A 6 7 8 9 10 System

Oi 0.0498 0.1389 0.0132 0.4043 0.1049 0.0601 0.0126 0.0549 0.0714 0.0502 0.0398 1.0000

jlcdi 99,942 27 S,709 26,460 811,394 210,574 120.545 25.31 I 110.261 143,292 100.775 79,865 2,007.129

UC* 301.616 503.6s2 155.195 859.403 437.so8 331.250 151.787 316.so5 361.154 302.870 269.624 1.351,663

8.4 Pool Reliability

The determination of the rest-of-system dredge demand, D<, is required for the

computation of the pool reliability. This can be computed for each pool i by subtracting the pool

demand, Di, from the system demand, D&. The computed data for the rest-of-system demand is

shown in Table B.4.

Given the dredge demand for each pool (Table 8.1) and the aflocatcd dredge capacities for

the pools (Table 8.5), we can now compute the probabilities of pool failure as given in Table 8.6.
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Table B.5 shows the intermediate computational results for obtaining these probabilities for the St.

Paul dredging system. The reliability index (~) for the system is computed as 1.01 and the pre-

reirabllitation probab~iy of system failure is 0.1562.

Table 8.6 Pre-Rehabilitation Probability of System and Pool Failure for St. Paul District

Pool 1 2 I 3 4 5* [ 5A 6 ‘7* 8 9 10 ] System

Pi O.O71OI 0.07251 0.0728[ 0.07861 0.0712[ 0.07071 0.07181 0.0714[ 0.0714/ O.O71OI 0.0720[ 0.1562

* — rehabilitation was performed inpools5 and 7 between 1975-1993 and the demandiscslculstedfromthepre-
rehalititatiorrdatsOdY

8.5 Impact of Hktorical Rehabilitation

‘ During the period under study (1975-1993), Pools 5 and 7 in the St. Paul District have

undergone rehabilitation of navigation skuctures. Note that the term “pool rehabilitation” does not

mean that every channel tmining stnrcture was rehabilitate& just that some of the structures which

were determined to be in need of repair were. Data for Pool 5 where there was sufficient record of

post-rehabilitation record was examined to see if there a trend of reduction in post-rehabilitation

dredging volumes could be estabfiahed. Figure 8.2 shows the plots of the dredge volumes vs. the

average annual disehsrge for Pool 5 on the Upper Mjasissippi River in the St Patd Dis@icLThe

‘+’ marks show the dredge-diaeharge data for the post-rehabiitation data. The straight lines show

the finear regression fit to the data points with the solid line showing the pre-rehabfitated condition

and the dashed Iine the post-rehabtitated condition.

FL
u lwMm.wm4uMJwwJ w

Figure 8.2 Summary Post-RehabiMation Dredge vs. Discharge Plot for Pool 5

Baaed on this historical post-rehabditation dredging volumes, we can update Table B.3 and

B.4. The updated worksheets are shown in Table B.6 and B.7. The means and standard deviations
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ofthepost-rehabilitationdredgedemand foreachpoolcannow becalculatedandthesearegivenin

Table8.7.

Table 8.7 Post-Rehabilitation Dredge Demand for the Pools of the .’%Paul Dkhict (cydlyear)

Pool 1 2 3 4 5* 5A 6 7 8 9 10 System

VDi 30,953 86,319 8,195 251,297 54.570 37,334 7,839 34,149 44,37’9 31,211 24,735 610,981

‘zri 2,330 32,427 3,500 82.089 19.625 4,259 1,131 11,965 13,128 6,286 3,762 167.869

* — reh~lJi~tiOn~m ~fiomd in fie ~@ ktween 1975-1993and the demandis calculatedfromthe pre-
rehabdirationdataonly

Using the approach outlined in section 6, we can now. compute the allocated post-

rehabWrded dredge capacities for the St. Paul pools. These capacities are shown in Table 8.8.

Table 8.8 Allocated Post-Rehabilitation Dredge Capacities for the St. Paul Pools (cyd/year)

Pool 1 2 3 4 5* 5A 6 7 8 9 10 System

ei 0.0507 0.1413 0.0134 0.4113 0.0893 0.0611 0.012s 0.0559 0.0726 o.05tt 0.0405 1.0000

!JCd, 1o1.683 283.566 26.92t 825,534 179.267 122,646 25.752 112,1S3 145,789 102,531 81.257 2,007,129

UC., 304.233 508.051 156.541 866,858 403.954 334.123 153,103 319,553 364,287 305,498 271,963 1,351,663

/

The determination of the rest-of-system dredge demand, D%, is required for the

computationofthepoolreliability.The computeddataforthepost-rehabilitationrest-of-system

demand isshown inTableE3.7.

GNen the post-rehabilitation dredge demand for each pool (Table 8.7) and the allocated

dredge capacities for the pools (Table 8.8), we can now compute the probabilhies of pool faihue as

given in Tab!e 8.9. Table B.8 shows the intermediate computational results for obtaining these

probabilities for the St. Paul dredging system. The reliability index (~) for the system is computed

as 1.03. Figure 8.3 shows a compmison of the pool reliabilities in the pre-rehabilitated and the

post-rehabilitated conditions.

Table 8.9 Post-Rehabilitation Probabilhy of System and Pool Failure for St. Paul District

Pool 1 2 3 4 5*15A16 -1 8 9 I 10 System

Pi 0.0700[ 0.070S1 0.07181 0.07771 0.06961 0.06901 0.0706\ 0.07031 0.06971 0.07001 0.0702\ 0.1515

* — rehabilitation was performed in pool 5 between 1975-1993 and rhe demand is calculated from the post-

rehabili[ation data only
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Pools

FQrwe 8.3 Comparison of Pre and Post Rehabiihation Reliabtities for St. Pauf District for

historical rehabilitation between 1975-1993

8.6 Impact of Hypothetical Increase in Capacity

I-et us assume that we can increase the dredge capacity in the St. Paul District by increasing

the mean of the dredge capacity of each of the three dredging subsystems by 20%. The enhanced

system dredge capacities on the Upper Mississippi River in St. Paul District will then be the sum of

the three dredging subsystem capacities as calculated in Tables 8.2-8.4 with the mean increased by

20%. Using the approach outlined in section 6, we can now compute the allocated post-

reftabilitated dredge capacities for pools of the St. Pauf District. These capacities are shown in

Table 8.10.

Table 8.10 Allocated Enhanced Dredge Capacities for the St. Paul District Pools (cyd/year)

Pool 1 2 3 4 5 5A 6 7 s 9 10 System

ei 0.0507 0.1413 0.0134 0.4113 0.0s93 0.0611 0.0]2s 0.0559 0.0726 0.051 ] 13.1341)5 1.0000

Mcd* 122.020 340.2~9 32,306 990.641 215.121 147,175 30,902 134,619 174,947 123,037 97,50s 2,40 S,555

afJ& 304,233 50s,051 156,541 S66,85S 403,954 334.123 153,103 319,553 364,2S7 3fJ5.498 271,963 1,35 ],663

Given the post-rehabilitation dredge demand for each pool (Table 8.7) and the enhanced

&edge capacities for the pools (’f’able8.10), we can now compute the probabilities of pool failure

as given in Table 8.11. The probability of system failure is computed to by 0.0934 and the

reliability index (~) for the system is computed as 1.32. Figure 8.4 shows a comparison of the

pool failure probabilities for the cm-rentand the enhanced capacity scenarios.

Table 8.11 Probabilities of System and Pool Faihrre for Enhanced Capacity Scenario

POOI 1 2 3 4 I s I 5A 6 7 I 8 9 10 I System

Pi 0.0425/ 0.0446/ 0.04341 0.0503[ 0.04311 0,0427] 0.04341 0.042S[ 0.042S[ 0.0425 0.04231 0.0934
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Pools

F@re 8.4 Comparison of Failure Probabdities for the Current and Enhanced Capacity

Scenarios for St. Paul District

The results show that the 20% increase in tire mean dredging capacity in the St. Paul

District leads to a significant reduction@ the failure p~babii~ by increasing the safety margin.

8.7 Impact of Hypothetical Reduction in Dredge Demand

Let us assume that rehabilitation of the navigation structures is done in the St. Paul District

over the next twenty years and it leads to a 20%.reduction in the dredge demand. Applying thk

reduction to the post-rehabilitation (current) data, we can calculate the means and standard

deviations of the dredge demand for each pool as given in Table 8.12.

Table 8.12 Hypothetical Future Dredge Demand for the Poois of the St. Paul District (cyd/year)

Pool 1 2 3 4 5 SA 6 7 “s 9 10 System

BDI 24,762 69,055 6.556 201,03S 43,656 29,S67 6,27j 27,319 35,5(33 24,969 19,78s 4s8,785

m, 1.864 25,942 2,800 65,671 15,700 3,407 905 9,572 10,502 5,029 3,010 134,295

Since we are assumingthatthedredgedemsnd k reduced by 20% in each pool, the values

of the capacity allocation variable (Oi)remain the same. The aflocated capacities for the pools thus

remains the same as shown in Table 8.8.

PallIv Page31 Jllly 24, 1995



ChannelReliabilityoftieNavigation System in the Upoer Mississippi River Phase II Fiml Report

Given the isypotheticd dredge demand for each pool (Table 8.12) and the allocated dredge

capacities for the pools (Table 8.8), we can now compute the probabifities of pool failure as given

in Table 8.13. The reliability index (~) for the system is computed as 1.12. Figure 8.8 shows a

comparison of the pool faihtre probabilities for the current and the enhanced capacity scenarios.

Table 8.13 Probability ofPoolandSystemFailurefortheHypothetical Dredge Demand

Reduction Scenario

Pool/ 1 2 3 I 4 I 5 5A I 6 7 8 I 9 I 10 I System

PI 10.0687 10.0686 ]0.0711 ]0.0719 ]0.0675 ]0.0677 10.0700 10.0683 10.0683 jO.0687 10.0689 I 0.1314

0.2

‘0.15
~

g 0.1

G

0.05

0
Pool FWl Pool PCQI Pm] PcOl Pool Pool

1 ?. 3 4 5
Peal F’LWl Pool

5A 6 7
System

8 9 10

Pools

Figure S.8 Comparison of Current and Hypothetical Dredge Demand Reduction Scenario in

terms of the Failure Probabilities for St. Paul District

8.8 Conclusions

The dredge~apacity relia.btity model 2ppficd to the poofa of the St. Paul District has shown

that it is possible to quantify the impact of rehab~ltation of river training stn.rcturea and increasing

fmrdlng for dredging operations. It rdso shows the importance of continued rehabditation of the

navigation stmctures to avoid increases in the dredge demand.

The St. Paul District has maintained a high channel reliability primarily through the

maintenance of a high dredge capacity by using contract dredges in addition to the government

hydraulic and mechanical dredges. Results are also given for scenarios of dredge-need reduction
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and dredge-capacityincrease. The scenario results show that an increase in the mean of the

dredging capacity is much more effective in reducing the probability of failure than a reduction in

dredge demand.
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Part V

Results for Rock Island District
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9.

9.1

Analysis of Upper Mississippi River Dredging Operations in Rock

Island District

Assessment of Pre-Rehabilitation Dredge Demand

Table C. 1 shows the historical dredging data and Table C.2 shows the average annual

d~charge for the pools of the Rock I&and Dkrict. We use thcac data in the procedure developed in

section 5 to compute the prerlcrive dredging demand for the pools in the Rock Island District.

These predictive dredging volumes are shown in Table C.3. Figure 9.1 shows the plots of the pre-

rehabfitation dredging volumes vs. the average annual discharge or tbe stage for the 12 pools on

the Upper Mississippi River in the Rock Island District. The ‘x’ marks shows the actual dredge-

discharge data and the swaight line shows the predictive linem regression tit to the data points.

Based on the regression data for the time period under consideration ( 1973-199 1), we can

calculate the means and standard deviations of the dredge demand for each pool as given in Table

9.1.

Table 9.1 Pre-Rebabilitation D~ge Demand for the ~ls of the Rock Island Dkriet (cydlyear)

Pool 11* 12 13* 14* 15 16* 17 18* 19 20* 21* 22* System .

~Di 91,396 16,675 61.141 17,746 733 36,361 14,446 69,90S 21,655 132,608 67,712 76,744 607.126

%, 74,957 6.866 85,178 12,910 360 5.944 13,04331,197 12,028 95,393 16,106 7:,405 364,990

* — r=h~~fi~ti~” ~= pefiom~ in &c pool ~tw=n 1973.1991 and the demand is cdcdatedfromthepre-
rehabilirationdataonty

9.2 System Dredge Capacity

The Rock Island Corps District employs the hydraulic dredge Thompson for dredging in

the pools on the Upper Mississippi River. h order to compute the system dredge capacity we need

to compute tbe dredge capacity of the dredge subsystem. We can use equation 6.1 to compute the

mean and stsndewd deviations of the dredge capacity for the dredge Thompson. Table 9.2 shows

the input data and the result.
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Figure 9.1 Surmnwy Dredge VS.Discharge/Stage Plots for Rock Island District
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Table 9.2 Values of Capacity Variables for Rock Island District (Dredge Thompson)

Variable T Cds
(&#a) (cylite) (day;site) (daydsiee) (q:&y) (cY@@)

w 71 52.902 0.21 0,50 12,000 734,055

0 0 39,544 0,00 0.00 0 145,905

9.3 Pool Dredge Capacity

Using the approach outlined in seetion 6, we cm now compute the aflocated dredge

capacities for the Rock Island pools based on the dredge demands horn Table 9.1.These capacities

we shown in Table 9.3.

Table 9.3 Allocated Pre-Rehabifitation Dredge Capacities for the Rock Island Pools (cyd/year)

Pool 11 12 13 14 15 16 17 18 19 20 21 22 System

Oi 0.1505 0.0275 0.1007 0.0292 0.0012 0.0599 0.0238 0.1151 0.0357 0.2184 0.1115 0.1264 1.0000

Pc& 110!504 20.161 73.923 21.456 886 43.963 17.466 84,523 26,182 160,332 81,86s 92,788 734,055

Cccl, 56,610 24.180 46,302 24,945 5,070 35,707 22,506 49,510 27,556 68,189 48.726 51.s75 145.905

9.4 Pool Reliability

The determination of the rest-of-system dredge demand, D+, is required for the ,

computation of the pool reliability. This can be computed for each pool i by subtracting the pool

demand, Dl, from the system demand, Dd~.The computed data for the rest-of-system demand is

shown in Table C.4.

Given the dredge demand for each pool (Table 9.1) and the aflocated chedge capacities for

the pods (Table 9.3), we can now compute the probabilities of pool failure as given in Table 9.4.

Table C.5 shows tbe intermediate computational results for obtaining these probabilities for the

Rock Island dredging system. The refinabilityindex (~) for the system is computed as 0.32 and the

probabii~ of system failure is 0.3745.
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Table 9.4 Pre-Rehabilitation System and Pool Failure Probabilities for Rock Island District

Pool 11* I 12 13* I 14* ] 15 16* 17 18* 19 20* 21* 22* system

PI 0.1576 0.1681 0.1645 0.1679 0.18280.1577 0.1693 0.1533 0.16660.1533 0.1489 0.1589 (3.3745

* — r~habili~tiOn ~a~ @O~ed in the p~~l between 1973.1991 and [he demand is calculated from the pre-

rehabilitation dara only

9.5 Impact of Hktorical Rehabilitation

During the period under study (1973-1991), several pools in the Rock Island District have

undergone rehabditation of navigation structures. One objective of this study is to determine

whether this rehabiMation work had any impact on the dredge demand. Note that the term “pool

rehab~hation” does not me8n that every channel training structure was rehabilitated, just that some

of the structures which were determined to be in need of repair were. Data for five pools where

there was sufficient record of post-rehabilitation record was examined to see if a trend of reduction

in post-rehabilitation dredging volumes could be established. Figure 9.2 shows the plots of the

dredge volumes vs. the average annual discharge or the stage for these five pools on the Upper

Mississippi River in the Rock Island District. The ‘+’ marks shows the actual data pointa for the

post-rehab~litation data. The straight lines show the linear regression fit to the data points with the

solid line showing the pre-rehabilitated condition ~d the dashed line the post-rehabilitated

condition.
,

Based on these historical post-rehabilitation dredging vohrmes, we can update Table C.3

and C.4. Tbe updated worksheets are shown in Table C.6 and C.7. The means and standard

deviations of the dredge demand for each pool can now be calculated and areas given in Table 9.5.

Table 9.5 Post-Rehabilitation Dredge Demand for the M2 Pools (cyd/year)

Pool 11* 12 13* 14 15 16 17 18* 19 20* 21 22* system

PDi 14,656 16,67s 47,787 17,746 733 36,361 14,446 58,6S.7 21,655 52,062 67,712 86,297 434.817

q 7.646 6,866 5,708 12,910 360 5,944 13,043 31,881 12,028 241 16,106 37,646 36,702

* — rehablfitstion wa.s performed in these pools between 1973-1991 and the demand is catcrdated fmm the pOSt-
rehabllitation data only

Using the approach outlined in section 6, we can now compute the allocated post-

rehabilitated dredge capacities for pools of the Rock Island District. These capacities are shown in

Table 9.6.
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Figure 9.2 Post-Rehabilitation Dr&lge vs. DiscbafgeLStage Plots for Rock Islrmd District

Table 9.6 AllocatedPost-RehabiLhation Dredge Capacities for the Rock Island District Pools

(cyd/yem)

Pool 11 12 13 14 15 16 17 18 19 20 21 22 System

e; 0.0337 0.0383 0.1099 0.0408 0.0017 0.0836 0.0332 0.]350 0.0498 0.1197 0.1557 0.1985 1.0000

Ycd, 24.742 28,151 80,674 29.959 1,237 61,384 24,388 99,075 36,558 87,s91 114,311 145,686 734,055

ac~ 26.787 28.573 48,370 29.476 5,991 42,193 26,594 53,603 32,561 50,487 57,577 65.000 145,905

Given the post-rehabilitation dredge demand for each pool (Table 9.5) and the allocated

dredge capacities for the pools (Table 9.@, we can now compute the probabilities of pool failure aa

given in Table 9.7. The reliability index (~) for the system is computed as 1.99. Figure 9.3 shows

a comparison of the pool reliabilities in the pre-rehabilitated and the post-rebabiIhated conditions.
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Table 9.7 Post-Rehabilitation System and Pool Failure Probabilities for Rock Island District

Pool .11* j 12 13* 14115116117 i 18* 19 I 20* I 21 22* system

Pi /0.0110 10.0109/0.011310.0101 10.0112/ 0.010910.0101/0.012510,0105/0.0116 ]0.0122 10.018310,0233

* — ~ehatjili~ti~” ~~ perfom~ in these ~ol~ ~twee” 1973.1991 and the dem~d is ~alCula~edfr~~ rb~ ~,3~t.

rehabili@ion data only

o.4m

0.3COQ1 n

Pm] Peel Pool Pod Peal Pc@l Pm! Pool PcOl Pml Pml Pool System
]1 12 13 14 ]5 16 17 :8 19 2(3 21 22

Pools

Figore 9.3 Comparison of Pre and Post Rehabilitation> Reliabilities for Rock Island District for

Historical Rebabiitation between 1973-1991

9.6 Impact of Hypothetical Increase in Capacity

Letus assumethatwe csn increase the dredge capacity in the Rock Island District by

increasing the mean of the dredge capacity by 20%. Using the approach outliied in section 6, we

can now compute the allocated post-rehabditatcd dredge capacities for pools of the Rock Island

District. These capacities are shown in Table 9.8.

Table 9.8 Alfocated Enhrurced Dredge Capacities for the Rock Island District Pools (cydlyear)

Pool 11 12 13 14 15 16 17 18 19 ~o 21 22 System

Oi 0.0337 0.0383 0.1099 0.0408 0.0017 13.138360.0332 0,13513 0,0498 0.1,97 0.,557 0,,985 1.0000
Pcd, 29.69133.781 96,808 55,950 1,485 73,661 29,265 118,890 43,869 105,469 137,173 174,823 8130,&56

oc~ 38S7341.145 69.652 42.445 8.626 60.757 38,296 77,188 46,888 72,701 82,911 93,601 210,104

Given the post-rehabilitationdredgedemand foreachpool(Table9.5)and theenhanced

dredgecapacitiesforthepools(Table9.8),we cannow computetheprobabilhiesofpoolfailureas
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giveninTable9.9.The reliability index (~) for the system is computed as 2.96. Figure 9.4 shows

a comparison of the system and pool failure probabWies for the current and the enhanced capacity

scenarios.

Table 9.9 Probability of Pool Failure for Enhanced Capacity Condition

Pool I 11* I 12 13*114115116 [17 18* 19 20* I 21 22* System

Pi 0.000810.000710.00091 0.000710 .0007 /0.0008 [0.000610.001 110.00071 0.00101 0.001 t]0.00241 0.0015

* — ~e~blti~tio” ~= ~fiom~ in tie= pols ~IWee” 1973-1991 and the demand is calculated from the pON-

rehatditauon data only

0.02.U7

0.0203I

0.0150
g I

O.cml
.: Sg ~ x! ~zg=~ ;. 3 g

9..

Pools

Figure9.4 Comparison of Curnmt and Enhanced Pool Failure Probabilities for Rock Island

District

9.7 Impact of Hypothetical Reduction in Dredge Demand

Let us assume that further rehabilitation of the navigation structures is done in the Rock

Island District over the next twenty yeara and it leads to a 20% reduction in the dredge demand.

Applying thi8 reduction to the post-rebabilitation (current) data, we can calculate the means and

standard deviations of the dredge demand for each pool as given in Table 9.10.
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Figure 9.5 Comparison of Current and Hypotfreticaf Dredge Demand Reduction Scenario in

terms of the Failure Probabdities for Rock Island D~trict

10. Analysis of Illinois Waterway Dredging Operations in Rock

Island District

10.1 Assessment of Pre-Rehabilitation Dredge Demand

Table C.9 shows the historical dredging data and the average daily stage data for the

LaGrange and Peoria Pools on the Illinois Waterway in the Rock Island Dktrict. We use these data

in the procedure developed in section 5 to compute the predictive dredging demand for these two

pools. These predictive dredging volumes are shown in Table C.10. Figore 10.1 shows the plots

of the pre-rehabilitation dredging volumes vs. the average annual discharge or the stage for the

LaGrange and Peoria pools. The ‘x’ marks shows the actuaf dredge-stage data and the straight fine

shows the predictive firrear regession fit to the data points.
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Figure 10.1 Summary Dredge vs. Stage Plots for Ilf.inoisWaterway in Rock Island District

Based on the regression data for the time period under consideration (1973-199 1), we can

cafculate the means andstandarddeviationsofthedredgedemand foreachpoolasgiveninTable

c. 10.

10.2 System Dredge Capacity

The Rock Island Corps District employs three different dredging systems on the Illinois

Waterwafi the hydraulic dredge Thompson, contract mechanical dredge, and contract mechaoicrd

dredgehornSL LouisDktrict.Inordertocomputethe~ystemdredgecapacitywe needtocompute

thedredgecapachiesoftheseindividualdredgesubsystems.We canuseequation6.1tocompute

themean andstarrtiddeviationsofthedredgecapacityforeach of the dredge subsystems. Tables ~

10.1, 10.2, and 10.3 show the input data and the results of the three subsystems.

Table 10.1 Vahtes of Capacity Variables for the Illinois Waterway in the Rock Island District
(Dredge Thompson)

Variable v cd~
(&y%a) (cyd/sirs) (&y%ire) (day?sire) (v;&y) (w IYYm)

P I 4 56,506 0.21 0.50 12,000 41,724
0 0 42,831 0.00 0.00 0 399

Table 10.2 Values of Capacity Variables for the Iflinois Waterway in the Rock Island District
(Contract MechanicalDzedge)

Variable M v s T cd,
(daytiyear) (cyd/site) (daydsite) (&ydsife) (q;&y) (CY’d!year)

P 131 56,506 7.00 6.00 2.646 215,462
0 0 42,831 0.00 0.00 0 S9,170
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Table 10.5 ProbabilityofFailurefortheIllinoisWaterway POOIS in the Rock IslandDisfrict

(cydyear)

Pool LaGrange Peoria System

Pi 0.0920 0.0840 0.1841 I
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Part VI

Results for St. Louis District
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11. Analysis of Upper Mississippi River Dredging
Operations in St. Louis District

11.1 Assessment of Pre-Rehabilitation Dredge Demand

The Upper Mississippi River in the St. Louis District consists of a 194-rn.ilestretch of open

river and foru pools (a total distance of about 300 miles). In order to apply the pool model to the

open river, we proposed a division of that stretch into sections. For tbe open river, we had

discharge data available at St. Louis, Chester, and Thebes from the U.S. Geological Survey. For

dredge demand analysis, we therefore divided the open river into three sections corresponding to

these three locations. For St. Louis, the stretch was from RM 194 to 126, for Chester from RM

126 to 76, and for Thebes from RM 76 to zero.

Table D. 1 shows the historic dredging data and Table D.2 shows the average annual

dischargristage for the pools and sections of the river. Figure 11.1 shows the plots of the dredge

volumes vs. the average annual discharge or the stage for the 4 pools on the Upper Mississippi

River and the three open river sections in the St. Louis District, The ‘x’ marks shows the dredge-

dischargeMage data and the straight line shows the Iirqar regression fit to the data points.

Based on the regression data for the time period under consideration (1973-1993), we can ‘

calculate the means arrdstandard deviations of the dredge demand for each pool as given in Table

11.1.

Table 11.1 Dredge Demand in the St. Louis District (cydlyear)

Pool 24 25 26 27 RM 194-126 RM 126-76 RM 76-0 System

YDJ 197,931 666,624 551.7S8 67.395 1,594.003 1.049.296 2.752.477 6,879,515

ml 31,655 184,121 57a,603 16,743 S93,S76 490,411 1.205.415 2,372.829
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Figure 11.1 Summary Dredge vs. Discharge/Stage Plots for St. Louis District

11.2 System Dredge Capacity

The St. Louis Corps District employs two different dredging systems; the government

dredge Potter and a contract mechanical dredge. IOorder to compute the system dredge espacity we

need to compute the dredge capseitiea of these individual dredge subsystems. We can use equation

6.1 to compute the mean and standard deviations of the dredge capacity for eseh of the dredge

subsystems. Tables 11.2 and 11.3 show the input data and the results of the two subsystems.

Tbe systemdredgecapacityk tbesum of the two dredging subsystem capacities ss shown

in Tables 11.2 and 11.3.
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Table 11.2 Values of Capacity Variables for St. Louis District (Dredge Potter)

Variable s T cd,
(&y$@ (cyJsite) (days/site) (&ys/site) (qJ&y) (Cyrtlyear)

IJ 130 176,509 0.08 0.08 50,000 6,206,956

0 0 152,596 0.00 0.00 0 383,534

Table 11.3 Vahres of Capacity Variables for St. Louis Dkrict (Contract Dredge)

Variable M cd~
(daydymr) (cylite) (day%site) (&yLirs) (q;&y) (Cvd%?ar)

P 50 108,563 0.17 0.33 20.000 915,656

0 0 44,787 0.00 0.00 0 22,665

11.3 Pool Dredge Capacity

. Using theapproachouthted in section6, wecannow compute the allocated dredge

capacities forthe St. btispools bmedontie &edge demmdsfiom Table 11.1. These capacities

areshown in Table 11.4.

Table 11.4 AUocated Dredge Capacities for St Louis (cyd/year)

POOI 24 2s 26 27 RM 194-126 RM 126-76 RM 76-O System

ei 0.02ss 0.0969 0.0802 0.0098 0.2317 0.1525 0.4001 1.0000

Yq( 204,4S7 688,703 570,063 69.627 1,646’,797 1,084,049 2,S43,640 7,107,366

ac~i 157,861 289,706 263,574 92.115 447,983 363,468 5SS,679 930,670 ,

11.4 Pool Reliability

The determination of the rest-of-system dredge demand, D<, is required for the

computation of the pool reliability. This can be computed for each pool i by subtracting the pool

demand, Di, from the system demand, Dal,. The computed data for the rest-of-system demand is

shown in Table D.4.

Given the dredge demand for each pool ~able 11.1) and the allocated dredge capacities for

the pools (Table 11.4), we can now compute the probabfities of poolhiver section failure as given

in Table 11.5. Table D.5 shows the intermediate computational results for obtaining these

probabilities for the St. Louis District. The reliability index (~) for the system is computed as 0.10

and the probability of system failure is 0.4602.
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Table 11.5 Probability of System and Pool Failure for St. Louis District

IPool I 24 25 26 27 IRM 194-1261RM 126-761 RM 76-O System

PI 0.2118 0.2117 I 0.2265 I 0.2191 0,2153 I 0.2154 0.2135 0.4602

11.5 Impact of Hypothetical Increase in Capacity

Let us assume that we can increase the dredge capacity in the St. Louis District by

increasing the mean of the dredge capacity of each of the two dredging subsystems by 20%. The

enhanced system dredge capacities on the Upper Mississippi River in St. Louis District will then be

the SUMof the two dredging subsystem capacities as calculated io Tables 11.2 rind 11.3 with the

mean increased by 20%. Using the approach outlined iri section 6, we can now compute the

affocatedpost-rehabilitated dredge capacities for pools of the St, Louis Dk.trict.These capacities am

shown in Table 11.6.

Table 11.6 Allocated Enhanced Dredge Capacities in St.-Louis District (cyd/year)

Pool 24 25 26 27 RM 194-126 RM 126-76 RM 76-O System
e] 0.0288 0.0969 0.0s02 0.0098, 0.2317 0.1525 0.400 I 1.0000

PC*, 245,910 828,216 685,543 83,732 1,9s0,395 1,303,649 3,419,687 8,547,134

u% 93,843 172,220 156,686 54,759 26$,311 216,069 349,950 553,252
,

Given the dredge demand for each pool or river section (TabIe 11.1) and the enhanced

dredge capacities for the pools and river sections (Table 11.6), we can now compute the

probabilities of pool failure as given in Table 11.7. The reliability index (~) for tbe system is

computed as 0.69. Figure 11.2 shows a comparison of the probabilities of failure for the current

and the enhanced capacity scenarios.

Table 11.7 Probability of System and Pool Faifure for St. Louis Dktrict for the Enhanced

Capacity Scenario

[

Pool I 24 25 26 27 IRM 194-126[RM 126-761 RM 76-O I
PI I 0.0640

System

I 0.0645 I 0.1068 I 0.0854 I 0.0705 0.0718 I 0.0677 0.2451
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F@nre 11.2 Comparison of Current and Enh&ccd Failure Probabilities for St. Louis District

11.6 Impact of Hypothetical Reduction in Dredge Demand

Let us assume that rehabtitationof the navigatio~ structures is done in the St. Louis District

over the next twenty yerxs and it leads to a 20% reduction in the dredge demand Applying this

reduction to the current daq we can calculate the means and standard deviations of the dredge

demand for each pool as given in Table 11.8.

Table 11.8 Hypothetical Future Dredge Demand for St. Louis District (cyd/year)

Pool 24 25 26 27 RM 194-126 RM 126-76 RM 76-O System

YDi 158.345 533,299 441,430 53,916 1,275.202 839,437 2,201.982 5,503,612

ODi 25,324 147,297 462.882 13.394 715,101 392,329 964,332 1,898,263

Since we are assuming that the dredge demand is reduced by 20% in each pool, the values

of the capacity allocation variable (01)remain the same. The allocated capacities for the pools thus

remains the same as shown in Table 11.4.

Giventhehypotheticaldredgedemand foreachpool(Table11.8)andtheallocateddredge

capacitiesforthepools(Table11.4),we cannow computetheprobabilitiesofpoolfailureasgiven
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h Table 11.9.The rehabiliyindex(~)forthesystemk computedas0.84.Figure11.3shows a

comparisonofthepoolfailureprobabilitiesforthecurrentandthereduceddemand scenarios.

Table 11.9 Probability of Pool Faifure for the Hypothetical Dredge Demand Reduction Scenario

E’aol \ 24 I 25 I 26 I 27 \RM 194-126\RM 126-76] RM 76-O I System

Pi 0.0533 I 0.0492 I 0.0s68 I 0.070s I 0,0514 0.0534 0.04ss 0.2005 I
0.5

0.4

0,3
-Z,
=“.
%
~ 0,2

0.1

0

24 25 26 27 RM RN P.h4 Sysrem
194- 126-76 760
126

Pmls

J?@re 11.3 Comparison of Current and Hypothetical Dredge Demand Reduction Scenario in

terms of the Failure Probabiikies for St. Louis DArict

11.7 Conclusions

The drcdge+apacity reliability model applied to the pools of the St. L,ouis District has

shown that it is possible to quantify the teliabifity of the navigation channel. It is important to note

the difference between the open river and the pools in the D versus Q model. There is a potentiaf to

improve the channel rcliabUity through increased capacity and/or rehabilitation of river training

stmctures. The results of the scenario analysis show that demand reduction has a greater impact on

the reduction of failure probabilities than tbe increase in dredge capacity.
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Part VII

Summary of Results and Conclusions
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12.

12.1

Summary of Results and Conclusions

System Level

The dredge-capacity relialilky model makes it possible to quantify the reliability of the

navigation channel. It is afso possible to quantify the impacts of rehabilitation of the navigation

structures subject to the availability of stilcient dredging records after the completion of the

rehabilitation effort. In addition, there exists a potential to fotther improve the navigation refinability

from the current condition. The actual improvements are dependent upon the current condition of

,thechannel aud the dredging policy in each Dfitrict.

, Table 12.1 gives the vafues of the probability of system failure and the refinabilityindex, ~,

for the three districts under various policy scenarios considered:

1.

2.

3.

4.

Pre-Rehabilitation is the condition prior to any historical rehabilitation work performed during

the analysis period which is from 1973 to 1993.

Post-Rehabilitation (or Current) is the condition after the histoncrd rehabilitation work and

where sufficient post-rehabilitation records esist. F>r this reason, the impact of rehabilitation

work wrformed during the last four to five years of the study period cannot be evaluated.

Enhanced Capaci~ is the condition where a twenty percent increase in the number of available ‘

dredging days is assumed due to increased spcndhg on dredging operations in the O&M

budget.

Reduced Demand is the condition where a twenty percent reduction in dredge demand is

assumed due to structural or other rehabfitation work performed on the navigation strucmres.

Table 12.1 Summary of System Reliabilities for the three Districts

Scenario Results St. Paul Rock Island St. Louis
Pre- Pr(faihlrc) 0.1562 0.3745
Rehabilitation b 1.01 0.32

Post- Pr(faifure) 0.1515 0.0233 0.4602
Rehabifitafion 0 1.03 1.99 0.10

Enfrarrccd Pr(faihrre) 0.0934 0.0015 0.2451
Capacity B 1.32 2.96 0.69

Reduced Pr(fsilure) 0.1314 0.0048 0.2005
Demand B 1.12 2.60 0.84
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12.2 St. Paul District

Table 12.2 summarizes the results for the pools in the St. Paul District for the four

scenarios described earlier. Figure 12.1 shows the comparative probabilities of pool failure for the

four scenarios anaJyzed for St. Paul Dktrict. Rehabilitation was performed only in pools 5 and 7

during 1975-1993

Table 12.2 Summary of Pool Reliabilities for Alternative Scenarios in the St. Paul District

Pr(failure) I 2 3 4 5* 5A 4 7A 8 9 10 sptem

Pre-Rehabilitation 0.0710 0.072S 0.0728 0.0786 0.0712 0.0707 0.0718 0.0714 0.0714 0.0710 0.0720 0.1562

Post-Rehabilitation 0.0700 0.0708 0.0718 0.0777 0.0696 0.0690 0.0706 0.0703 0.0697 0.0700 0.0702 0.1515

Enhanced Capacity 0.0425 0.0446 0.0434 0.0503 0.0431 0.0427 0.0434 0.6428 0.0428 0.0425 0.0423 0.0934

Reduced Demand 0.0687 0.0686 0.0711 0.0719 0.0675 0.0677 0.0700 0.0683 0.0683 0.0687 0.0689 o.13t4,

* — mha~lirati~n~= pfiom~ ~ p~l 5 dfing ]975- 1993, sufficientpre- ~d post.rehabititarionrecord
A— ~abifitatio” ~U ~fiom~ in WI 7 dfing 1975-1993, inwfticie”t post.xehabfitation record

0.1604

O.nnoI
..-4 - . %~”k ‘- s g

:.
POOts

Figure 12.1 Comparison of Scenario Reliabilities for St. Paul District 1975-1993

The dredge-capacity reliability model applied to the pods of the St. Paul D@ict has shown

that it is possible to quantify the impact of rehabilitation of training structures and increasing

dredging operations.
.
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The St. Paul District has maintained a high channel reliability primarily though dredge

capacity by using contract dredges in addition to the government hydraulic and mechanical

dredges. The scenario results show that the specified addition of dredge capacity would be more

effective in reducing the probability of failure than the specified reduction in dredging demand.

12.3 Rock Island District

Table 12.3 summarizes the results for the pools in the Rock Island District for the four

scenmios described earlier. Figure 12.2 shows the comparative probabfities of pool failure for the

four scenarios anrdyzed for Rock Island DMrict.

Table EM Summary of Pool Reliabdities for Alternative Scenarios in the Rock Island District

Pr(failure) 11* 12 13* 14A 15 16A 17 ~~* 19 20* 21A 22* system

Pm-Rehabilitatimo,]576 O.]fjgl o,]645 o.1679 o,]828 0.1577 o,]693 0,1533 ().l&jfj ().1533 o.1489 0.1589 0.3745

Past-ltehabilitatkm0.0110 0.01(39 (3,()]13 ().()101 0,(3112 0.(3109 (),(I101 0,01z5 0.011350,o116 (3.0122 o.o183 0.0233

EnhmxcdCapacityo.0008 0.00(37 0.0009 0,0007 13,130070,ooo8 0,ooo6 lJ,ofJl1 0,0007 0.0010 0.001] o.ooz4 13.IJ1315

RcduccdOamar,d0,007.3 (3.007.2 0,()!325 O,oi)zt 0.013220,00z5 13,130210,0031 (3,0022 o,oo28 0.0030 0,oo48 0.oo48

* — rehabiitadon was performed in these pools between 1973-1991, sufficient pre sad post-rehabilitationrecord
~—m~fiwon waspcrfcInaedk tbar,e.pools between 1973-1991, iasaftieient past-rebabititation record

/

The dredge+apachyreliabilitymodel appliedtothepoolsoftheRock IslandDistricthas ,

shown that it is possible to quantify the impact of.rehabilitation of river training structures and

increasing funding for dredging operations. It also shows the importance of continued maintenance

and rehabilitation of the navigation stmctnres to avoid increases in the dredge demand.

From 1973 to the present, the Rock Island DMrict significantly improved the channel

reliability through extensive and continued rehabilitation of navigation structures. This

improvement illustrates the benefits of rehabilitation of the navigation structures and underscores

the importance of continued maintenance of the navigation structures to avoid a return of the

navigation channel to the less reliable pre-rehabilitated state. Potential for further improvement

exists through dredge-need reduction and dredge-capacity increase.
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.~gure 12.2 Comparison of Scenario Reliabfitics for Rock Island Dk-ict 1973-1991

12.4 St. Louis District

Table 12.4 summarim s the resuks for the pools @tthe St. Louis Distxict for the scenarios.

Figure 12.3 shows the comparative probabilities of pool failure for the scenarios analyzed for

Louis District. There was no available reed of rehatdlitstion in the study period 1973-1993.

Table 12.4 Summary of Pool Reliabilities for Alternative Scensrios in the St. Louis District

Pr(failure) 24 25 26 27 RM 194-126 RM 126-76 RM 76-0 System

Current 0.2118 0.2117 0.2265 0.2191 0.2153 0.2154 0.2135 0.4602

Enhanced Capacity 0.0640 0.0645 0.106S 0.0854 0.0705 0.071s 0.0677 0.2451

Reduced Demand 0.0533 0.0492 0.0868 0.070s 0.0514 0.0534 0.0488 0.2005

In the St. Louis Dkict, there is a potential to improve the channel reliability through

increased capacity and/or rehabilitation of river training structures. The results of the scenario

analysis show that specified demartd reduction would have a greater impact on the reduction of

probability of system fsilure as compared to increases in dredge capacity.
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I
Appendix A: Scope of Work

This Scope of Work forphaseIfofthisprojectbuifds on the Dredge Capacity Reliability Model
developed for the pool reach. The Inter-dredge Reliability Model will not be further pursued in
Phase II of this project. Dwussion of the two models is contaid within the Fmsl Report
(Second Draft Version dated November 16, 1994) for Cbannel Refiabilitv of the Navigation
Svstem in the Up@r Mississippi RiveL developed by the Center for Risk Management of
Engin&ing Systems, University of Viiginia (Reference 1). The Scope of Work for phase I of this
study is included as Appendix A in Reference 1. Foflowing are the pfoposcd work items for the
phase If work.

A. Work Tasks

1. Task 1- Develop Dredge capacity Reliability Model parameters for each pool using F95
(number of fafls in the hydrographyexceeding the 95% magnitude in the year) or Average Daify
Dkcharge (whichever correlates the best), as the predictive variable for dredging.

2. Task 2- Establiih the distribution of dredging demand on both a system wide basis (D,)
and a pool basis (D;). Those vshres are to be established for the rehabilitated and non-rehabilitated
training structure condition.

3. Task 3- Establish the distribution of system dredge capacity (~) based on dredge
&avel time, setup time and dredging volumes of past operations. Data will be furnished by the
Corps Diitricts for establishment of this distribution. There are three distinct dredging sub-
systems on the Upper Mississippi River and Illinois Waterway. The Corps of Engineers Dredge
Thompson is used primarily by the Reck Island and St.,Pauf Districts for drwiging on the Upper
Mississippi River. The St- Louis District uses the Corps of Engineers Dredge Potter and also has a
contract dredge for dredging on the Upper Mississippi River and 11.IinoisWaterway. The Rock
fslsnd District also has a contract dredge for dredging on the Iflinois Waterway.

4. T~k 4* - Estabfish the distribution of pool dredging capacity (Ci) based on the
following limit states:

(a)Develop the limit state for dredge capacity as folfows:

a. F=cdi_cds-Ds
Di Di

where F. Performance Function (Safety Ratio) in Pool i
~ = D~ging Capac$y in Pool i (pool fimit state)
CdS = Drtdging Capady for the System (system limit state)
Ds = Dredging Demand of the System Exclusive of Pool i
Di . Dredging Demsnd of Pool i

* Task 4 was revised as reflected in the work performed by:
(1) aflacating dredge capacity to each pcol based on the historical dredge demand and then talc.larins the probability

of capacity exceedance. and
(2) ignoring for thk phase of the project, the dredge material disposal constraints, wh,ch were not found to bc a

factor in any of the L%ee Corps Districts.
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(b) A second limit state for each pool reach wifl be imposed based on the
availability of dredged material placement sites witbin each pool, (%J. Note
that Cpi is time dependent and will be furnished by the Corps Districts.

Exceedance of either limit state (a) or the limit state (b) above would predict channel closure. So
that

Ci = min [Q,, ~il

whe~ Cl= Minimum Capacity for Pool i based on dredging capacity
and placement site availability.

5. Task 5- Apply the Dredge Capacity Refiabifity Model and develop time &pendent
reliability indices (@)and the hazard function for each pool (12 POOLSin St. Pauf Districc 12 pools
in Rock Island DistricL 4 pools in St. Louis Distict and 8 peels on the IUbroisWaterway) its
accordance with ETL 1110-2-532 (Refenmce 2).

6. Taak 6- Prepare a final report to decmnent and sommmize the results of the rmafysis
and to describe a stepby-step procedure for applying the Dredge Capacity Reliability Model. Prior
to submission of the finaf report a draft report shsfl be submitted to.the Contfactig Officer’s
Representative (COR) for review prior to production of the final report.

B. Proiect Review

Meet with the COR to review project status twice dining commencement of the project.
The Univetsiv of Viia team will be expected to travel for these two meetings.

C. Schedules /’

I.&SK COMPLEllON DATE

February 1, 1995
; March 1, 1995
3 March 30, 1995
4 April 15, 1995
5 May 10, 1995
6 May 30, 1995

D. References

1. center for Risk Management of Engineering Systems, Channel Re&bil@ ojthe
Navigation System in the Upper Mississippi River, Draft Final Report, University of Virginh,
Charlottesville, VA, November 16, 1994.

2. Department of the Army, US Army Corps of Engineers, Washington, DC, ETL 1110-
2-532, Reliability Assessment of Navigation Structures, May 1,1992.
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Appendix B: Worksheets and Data for St. Paul District

Table B.1 HistoricalDredgingDataforSt.PaulDistict(cyd)

*— rshabllitadonwasperformedk pools5and7between1975-1993
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Table B.2 Average Annual Discharge Data for St. Paul District (cfs)
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Table B.3 Computed Pre-Rehabilitation Dredging Data for St. Paul District (cyd)

*— rehabfitationww performed in pools 5 and 7 b+tween 1975-1993 and the demand is calculated from the pre-
rehabilirstic,n data cmly

,....::
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Table B.4 Computed Pre-RehabilkationREST-OF-SYSTEM DredgingDemand for
St.PaulDktrict(cyd)

1975 695,863 348.674 628.088 378333 567.361 !

1976 337,430 326)349 . . . . . . _.,

1977 342,467 329,435 372.101 222.397 376.257 344.019 369.’

Year Pool I Pool z P.ml 3 Pool 4 Pool% Pod5A Pod 6 P0017 Pool 8 Pool 9 Pool 10

1973 636,176 584,1X33 658.946 397.164 586,692 628.853 659,219 627,386 616,774 632,587 .545,430
1974 504,241 461.879 529,4L0 319,736 434,787 5CX3339 528,816 507,491 496,988 507.149 509,614

j98.870 623,688 .s22.121 591.998 60s,071 611.912
W..IR9 ?Xl,w 371,403 339,343 364.890 352.435 343,605 347,61L 34Z503

. ...143 357,577 348,925 353.299 346.352

3$2.612 353.389 533,708 553,723 582,775 557,794 547.585 560.273 565,331
3379 . ..938 6%.142 685,188 702.228 713,442
1980 43436i 403.645 462327 7X.O.559 .U3,675 433.172 4.S3293 440,LW7 430.987 440.152 44Q619

381 W.nts

W78 559220 5M.678 !

707,053 626.762 725,755 440.878 641390 6%373 727.

19.33

294.827

423.737

477.120

491,e64

476.693

618.551

248,929

209,012

233.440

.,

—ia.loz
d?l,472

6a4,879

703,8C4

698,717

870<1<

—GW7

339,154

392326

456.756 484,426

671.857 70L898

756.86U 789397

781,842 813,769

769,931 802.c04

WR71 ,IYKr”m

463,%2

670,951

752.705

778,007

766,878

O*.SIII,

434.324

6m,m5

741.356

766.305

736,S98
07< In,

383.265 409.396

308217 333,ri

361.425 387.3!

‘3.74.X1X

1990 437,044 <L. .. . . . .. . --.,. _ . .
1391 711593 645371 731,831 437,065 640,898 701.966 733.37 . . . .. . .
1392 613,064 557.094 635.180 380.797 374.990 605.930 635.985 aor.xa f
2933 940.229 821,727 932.633 380.840 809.692 922130 9520

4643..

6n.041

7’53$’77

785,437

774346

, m ,<<

688.101

776,635

801,223

789.230
, m. en.-- .- . . . .. . . .,...,— ,“.. .”.

. . . . .“ r .,-....7.. ‘ ,“..,.6..

. . . . . . 386,022 391,744 3m,os9

LIO 323,744 314.860 317.405 308,588

-. ..J56 373,811 365,282 369,945 364,384
129.097 4X6 lW 7RQ763 A<9,4~ 455.!33, 482,616 462AM 453,333 462.562 462.814

70 7rxlm9 689,689 707.089 719,233

i97.403 612.2S6 619.707

.-.,281 911.273 903.151 924.210 949,532
Mean 35@575 535.309 6t3,433 370331 5S4.411 58$294 613.789 5m,479 577’.243 5’33,417 596.893
Std. Dev. 203370 168979 197372 119.070 148.265 1“96,810 199.932 t89,169 187.s99 194.815 204.763

* — rehabititadonwasperformedin pools5 and7 between1975-1993and the demand is calculated tiom the pre-
,

rehabtitarion dara onty

Table B.5 Intermediate Computational Results for Obtaining the Pre-Rehabilitation Probability
of Pool Failure (St. Paul Dktrict)

%Mi ~sMi Pr(SMi < O) ~5M< ~ OsM=i Pr(Sh4< <O) Pi

Pod 1 68.989 301,625 0.4090 1,316,512 1399,759 0.1736
Pod 2

0.0710
192390 30s,725 0.3520 1.!93.11 1 1.452323 02061

S%Ol3
0.0725

13,265 155.234 0.4522 1,267.736 1374,814 0.1611 o.072a
Pod 4 560,097 863314 0.2378 223.4(M 1,605.158 ,-,an.,-, . . . .

Pool5* 145357 440.993 0.3707 1.240.144 1428 51?

“. .>”.” v,” ,0.

0.1922 0.0712
Pool5A 83,211 331,277 0.4013 1.30z290 1.405,.938 0.1762 0.0707

0 15R7 nrntsPcml6 17,472 151.791 0.4532 1.368,029 1374.774 . . . . ..-, . .
PcOl7. 76,112 317.031 0.4052 1.3W,389 1.401.122 0.1762
Peal8

0.0714
98.913 361.392 0.3936 1.286.389 1.411,634 0.1814 0.0714

PGQI9 69364 302.936 0.4090 l,31s,937 1.398.812 0.1736 0.0710
Pc.Jl10 55,130 269,6S1 0.4207 1.330,371 1.393.419 0.1711 0.0720
smem 1.385,501 1.3s.5.535 0.1562
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Table B.6 Computed Post-Rehabilitation DrexkzimzData for St. Paul District (cvcl)

-. . . . .-, .,,
1CJn ., ,.7 ,. . .
1974

. . ... .
31.s24

* — rehabilitation was performedinpool5 between1975-1993andthedcmarrdiscalculatedfromthepoSt-
rehab~iariomdataonty
A— rebabliatiorrwaspexfonnedinpod7betweerr1975-1993,insufticiempest-rehabilitationrecord
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Table B.7 Computed Post-RehabilitationREST-OF-SYSTEM DredgingDemand for
St.PaulDistrict(cyd)

Year POOl1 Pool2 Pml3 Pool4 5%.31*5Pool5A P.wl6 Pool7* P.X68 P.ml9 Pml10

65.444 367361 585.981 615.739 589.232 579.IG9 592.182 599023

667,305 698,671 666.374 655.920 672%1 684.174

i.983 476318 466.881 4%3.937 477.381

1973 616.052 363,878 638,821 377,039 586,652 608,728 639,094 6U7,462 5%,649 6Q162
1974

623.305
X39.299 466,937 534.468 324,794 494.787 505.597 533,874 512.555 302,046 512207

1975
514.672

592.979 535.785 615,199 3t

1976 368,103 337.303 398343 251. u32 371,402 369.997 395343 383.029 374,258 378.265
1977

373357
373.20+ W, 173 402.840 253,135 376,237 374.758 4@3,481 388316 379,664 384.028 377.091

1978 534,401 5U2,858 577,793 248,770 533.708 548.$W m,g!.uj 553375 3Q766 555,434 3.50.3,.2
1979 677,785 597,495 6%.487 411,610 641>90
1980 430.919 422,C03 478.685 296.917 443.675 449.330 476.631 437.235 447345

1981

.
436310 436.977

471.X43 438.783 498,084 307,393 462.102 469.312 496,

1982 635311 585323 675.753 399.793 621.472 645.913 676.934 645.o37 634.031 651.037 .%2,137

2983 728,099 644.197 746308 43d.171 634.879 715.910 748.247 711.737 7M3.407 719.927 ?35,6S6
1984 75L233 634.785 767.439 447,8CM3 703.868 738378 770X15 734,743 723.240 742173 737,958
1983 741.947 631.777 759.386 436.472 698,717 729.710 761.784 726.658 715.877 734.326 749,010
1986 > 939.262 810,905 94!3.335 537,385 S70.315 918,905 955.o94 908,137 894,142 921,9CQ

19s7
947.242

410337 382.386 438.281 276,034 ~
1988 329,776 321.398 360.511 233,737 339J54 332,941 337.765 348.469 339.38S 342.130 333,313
1989 391.009 371.155 419,961 263,915 :
1990

..s59
469,093 4%146 496.243 301.812 459.487 467,080 494.665 474,455 465.383 474.611 474,863

W91 678,304 612.282 698.742 403.976 640.898 6-5S,876 7CQ280 666.989 636.399 674W2 6S6.143
3992 .$X3398 344,432 622318 368335 374.990 593.268 623.324 594,628 5U.742 5S9,623 607.045
2993 871,103 732.6Q3 883s1O 511,716 803.692 833.oc6 887.!

Mean
88W08

580.029 324,662 602.786 359,@4 336,411 373,.$47 603.142 576,832 366.W2 579.770 586.246

Std. De?. 17&179 133.7s2 164380 83.871 148363 163;618 166,740 133.976 134.808 161,623 171.370

409237 410,389 436,521 421.943 413.146 418.868 414.194

392,326 391,9Q0 417,831 404.285 395.756 401419 394$

,937 84Zt30 831.028 835.086

* — rehabilitation was performed in pool 5 between1975-1993andthedemandiscalculatedfromthepoSt-
rehatilitationdafaonty
A— re~~itiutio”waspafomnedin pool 7 between 1975-1993, insufficientpest-rehabilitation record

Table B.8 Interme&ate Computational Results for Obtaining the Post-Rehabilitation Probability
of Pool Failore (S1.Paul District)

~SMi ~sMi h(SMi <O) ~5M< ~sM< Pr(SM< <O) Pi

Pdl 70.730 -W-4242 0.4090 1323.417 1395,891
Pool2

0.1711 O.om
197247 509.083 0.3483 1.198.%31 1,450.360

90013
02033

18,726
0.0708

136.380 0.4522 1.377.422
P0014

1370391 0.1587 0.0718
374,237 870.737 0.2346 821.911 1,608.04s

Pool5*
o.303n 0.0777

124.697 404.430 0.3783 1.271,451 1.418$4 0.1841 0.0696
Pml 5A 85.312 334.130 0.3974 1.310,836 M01,928
Pcol6

0.1736
17,913

0.0s30
153,108 0.4522 1378225 1,370.487 0.1562 0J3705

Pwl7. 78,034 319,m 0.4052 1.318.114 1,397,654
PCQI8 IOI,41O

0.1736 0.0703
364,523 0.3897 1.294.738 1.408.426

Pml 9
0.1788 0.0697

71.320 305,563 0.4090 1,324,828 1,395.150 0.1711 o.07eo
Pm] 10 56322 271,989 0.4168 1,339,626 1.389,386 0.1685
Systml

0.0702
1.396,148 1.362.047 0.1515

‘.
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Appendix C: Worksheets and Data for Rock Island District

Table C.1 HktoricalDredging Data for Rock Island District (cyd)

Year Pod 11 Pool 12 Pool 32 Pool 14 Pool15 Pnnl16 P.wl17 Pool18 Pad 19 Pool20 Pool 21 Pc.d 22 Sysrcro

. . . . . . . . . v ..7.,.,. ,A,.,m, “ tLAUJ CQ,637 178.812 63,956 428,374 1M,968 336,418 1.733.881
1974 192,845 0 24,443 0 0 0 45.028 127.855 55.244 267.143 227.148 0 9?9.706
197~ n II ,,,YI. ,,”n,. A --- . . . .

. . . . . . .
. . . . . ! 1...”.. v .,.U7, “ ,,9.230 0 137.471 60,723 114,899 591,473

S976 o 0 1&407 n n ,7%4, n AA ,., 0 68.075 0 6JI31O 2(2S876
3977 0 0 45.035 0 0 17.991 0 5,883 0 0 0 0 71.931
1978 27.01S 0 0 0 0 I* ’m& o 11,166 0 0 0 18.800 6fLs-Q3. .. ..
]m n 97 <.” * A ,, . ..< .

1987 n 1,07s.2 ml.,. n
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Table C.2 AverageAnnualDischargeorStageDataforReek IslandDistrict(cfsorfeet)

*—disehargedataincfs /
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Table C.3 Computed Pre-RehabilhationDredgingDataforRock Island Dkict (cyd)

*— rehabtitionW= performedintJrepoolbetween197%1991andthedemandiscalctdatcdfromtiepre-
rehabiimtiondataonty
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Table C.4 Computed Pre-RehabilitationREST-OF-SYS~M DredgingDemand for

Rock IslandDktrict(cyd)

Table C.S IntermediateComputationalResultsforObtainingthePre-RehabilhationProbability
ofPoolFailure(RockIslandDistrict)

~SMi GSMi pr(SMi <O) ysM=i +os~ Pr(SM+ <O) Pi

PCQI*ll 19.108 93.932 0.4207 lo7.m2 337.743
Pool12

0.3745
3.486

0.[576
2S.]36 0.4443 123,442

RRI’*13 12.782 96.949 0.4483 114,147 338.193
PW4*14

0.3669
3.710

0.1645
2&038 0,4483 123,220

md 15 153 5,082 0.4880 126,776 392.825
PQI*16

03745
7,602

0,1828
26J98 0.4168 119.327

Pool 17 3,020 26,013 0.4522 123,90s 382.100 0.3745
Pml*18 14,6t5

0.1693
58.519 0.4013 112.313 369.698

Pod 19
03821

4,527
0.1533

30,066 0.444 122,401
P001*20

392.694 0.3783
27,724

0.1646
117.259 0.4052 99.203

P001*21 14,156 51.319 0.3897 >1.!20

399,350 0.3783 0.1681

382,870 03745 0.1679

390, 1s4 0.3783 o.15n

318.29o 0.3783 0.1533

112.773 382,W0
PCOI*22

0.3821
16,044

0.. . . .
88,259 0.4286 I1O.884 335,328 0.3707

system
0.1589

126.929 393.073 0.3745

● — rehabllitstion wss performed in [he pool between 1973-1991 and the demand is calculated from the pre-
rehahilitation data only



Table C.6 Computed Post-RehabilitationDredgingDataforRock Island District (cyd)

● — rehabtitation was performed in the pool behveen 1973-1991 and the demand is calcrdated from the post-
I&SbiitadoO data only /
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TabIe C.7 Computed Post-RehabilitationREST-OF-SYSTEM DredgingDemand for

Reek IslandDistrict(cyd)

$9 442.6.54 408.377 440.829 457.066 421.195 44zt2R7 MI?*?A AI

71 335,776 381,633 381.281 347.651 381.673 ?9 I

52 376.0% 397.914 422.831 379.465 399.5Cn ufi

62 362.797 398.246 408.749 377.1% 408.242 ~67001 m

..- .- .-,. .. .. .. . . .+”= .“,_ ~q;

* — m~ltitatimr Was prformed in the pod during 1973-1991 and the demand is calculated from the post-
rehabilitation data o@

Table C.8 Intermediate Computational Results fcr Obtaining the Post-Rehabilitation Probabilky
of PoolFailure (Rock Is-kindDistrict)

i%Mi ,as~ pr(Sh4i<O) ~SM=i os~_; Pr(SM< <O) Pi

10.086 77 R<7 n.<.” . . . . . . . . . . . .RTir -.,.-, ...... .O,., w ,X,*, U.U307
Pool 12 11.476 29,386

0.0110
0.2483 281,762 1543n 0.0314 0.0:09

P001*13 32.887 48.703 0.2483 2.%,33o 157.464
POOI.14 12.213

0.0455 0.0113
32J79 0.3520 287,025 151,117

Pool15
0.0287

504 6,001
0.0101

o.46a 1 298,733 150,507 0.0239
Pc&16 35,023

0.0112
42$09 02n6 274214 155501

Pwl 17
0.0392

9.942
0.0109

29,621 0.3669 289.295 150,737 0,U274
Pu01*18 40.388

0.0101
62367 02.378 238.849 156,146

POOl19 14,903
0.0485

34,71 I
0.0125

0.3336 284,334 153,014 0.0314
PC&m 35.829

O.OIM
50,487 0.2389 761 m ,<s m< ,, . . . . . . . . .

POOl.21 46, ..-. . , -.,., , ,, .,5’” U.U>>Y 0.0122
PcOl.22 59.389 75,115 0.214S 2?9 MO ,.. m. n no<, 0.0183
Sy$l

-.. . . . .. . .. . “.”,. , “.”,,0

$,599 59.7x7 n?,,, .- .,. ,= . . . . . . . . .

—., . . ., .,_, ..”0,.

win 299,238 150,451 0.0233

* — rehabili[atio” was pefomed in the pool between 1973-1991 and the demand is calculated from the pOW-
rehabilitation dara OnIY

.



Channel Reliahili[y of the Navigation System in the Uppe r Mississippi River PhaseftFhalRepon

Table C.9 Historical Stage and Dredging Data fortheIllinoisWaterway inRock IslandDistrict

Year LaGrange Peoria Stage t.aGrange Peoria Illinois
Stage (feet) Dredging Dredging System
(feet) (cyd) (cyd) (cyd)

1973 438.97 445.78 0 57,422 57,422

1974 438.45 445.70 179,611 0 179,611

1975 436.97 444.42 85,233 0 85,233

1976 435.21 443.72 55,690 6,605 62,295

1977 435.38 443.31 642,483 173,286 815,769

1978 436.17 444.06 0 0 0
1979 437.67 445.43 200,126 43,616 243,742

1980 435.84 443.59 0 0 0

1981 437.83 444.76 0 0 0

1982 439.67 “446.63 322,808 0 322,808

1983 437.94 445.07 32,540 0 32,540

1984 437.35 444.76 482,665 0 482,665

1985 438.12 445.75 174,680 0 174,680

1986 437.43 444.67 253,700 .0 253,700

1987 434.72 443,16 221,744 35,459 257.203

1988 434.26 443.21 320,671 12,813 333,484

1989 433.79 442,86 135,146 0 135,146

1990 439.20 446.19 200,735 0 200,735

1991 437.87 445.57 237,602 80,787 318,389

Mean 436.99 444.67 186,602 21,578 208,180

Std. fk’. 1.72 1.14 172,240 43,699 199,799
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Channel Reliabltity of the Navigation System in the Upper Mississippi River Phase II Final Report

Table C.1O Computed PoolandREST-OF-SYSTEM DredgingDatafortheIllinoisWaterway h

RockIslandDktrict(cyd)

Year LaGrange Peoria System Not Not Peoria
(cyd) (cyd) (cyd) LaGrange (cyd)

(cyd)

1973 167,168 14,728 181,896 14,728 161,168
1974 172,276 15,220 187,496 15.220 172,276
1975 186,814 23,085 209,899 23,085 186,814
1976 204,102 27.387 231,489 27,387 204,102
1977 202,432 29.906 232,339 29,906 202,432
1978 194,672 25,298 219,970 25.298 194,672
1979 179,938 16,879 196,817 16,879 179,938
1980 197,914 28,186 226,099 28,186 197,914
1981 178,366 20,996 199,362 20,996 178.366
1982 160,292 9,505 169,797 9,505 160,292
1983 177,285 19,091 196,377 19,091 177,285
1984 183,081 20,996 204.077 20.996 183,081
1985 175,517 14,913 190,430 14,913 175,517
1986 182.295 21,549 203,844 21,549 182,295
1987 208,916 30,828 239.743 30,828 208,916
1988 213,434 30,521 243.95S 30,521 213,434
1989 218,051 32,671 250,722 32,671 218,051
1990 164,909 12,209 177,118 12,209 164,909
1991 177,973 16,019 t93,992 16,019 177,973

Mean 186,602 2t,578 208,180 21,578 186.602
Std. Dev. 16,882 6,979 23,724 6,979 16,882

Table C.11 IntermediateComputationalResultsforObtainingtheProbabilityofPoolFailure
on theIllinoisWaterway(Reek Island District)

KSMi GSMi Pr(SMi <O) ~sM+ crs~< Pr(SM< <O) Pi

IaGrang. 74,389 86&56 0.1949 8,602 122,995 0.4721 0.0920
Peoria 8,602 29,545 0.3859 74,389 95,153 0.2177
sYWn

0.0840

82,991 92,274 0.1s41
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Appendix D: Worksheet and Data for St. Louis District

Table D.1 HistoricalDredgingDataforSt.LouisDistrict(cyd)

Ye., PG+I24 Pool25 PC-3126 POOln St.Lxlk Chester Thebes system

1973 203,803 349,200 761,172 0 324.800 1,174,4C0 557.203
1974

3,370,572

218,102 1.071.100 647,980 0 1,120,202 638,402 1.136.300 4.852.080
197s 436.9C0 1.121.600 2.862,o11 75C0 1.086.602 984302 3,397,6S0 9.889.01I
1976 0 26J3,.W3 299,400 281.102 3,709.8(72 2.369,032 6,123.s03 13.045,302
1Y77 33431Y2 402.lCQ 178.610 %.W2 3339203 1.918,102 3.524,300 9,813.710
2978 63,3CQ 1.035300 851,203 75.100 986,103 417,@2 419,8C0 3,848,800
2979 211502 8.57300 116.802 125.602 1,319,032 599.202 842300 438L9W3
1980 81,1CY2 763.0X2 576.487 163,6CQ 2025.102 643,1C0 33093.02 7,465,587
1981 0 440,4m 84352 0 l,681,8@3 1,2%,400 4.309,200
1982 , 233.lcQ 835,8CQ

7.772.152
6m.lcn2 69.402 685,100 7273r87 2.234,402 5,405,203

1983 332.3cK2 1.099,7@2 467.444 0 344,032 363,0+32 4.204,902 6,811,544
1964 0 627.3C0 310,050 7,640 M52,4CKI - 0 1>56,400 4,053,750
1985 6’$$902 625,400 233.845 263,tW 149,600 240,0C0 1,97’4,602 4.153345
1986 324,603 306,W2 416,3@l o 632,3Ml 3105CO 2,3S23C0 4373.0113
1987 0 536,866 458,800 420.414 847,879 1,014,758 5329,726 8,508,443
1988 ll,2m o 690976 249,957 2.817.955 1.165,851 6.841.608 11.777550
1989 263,724 365.278 335,499 33.722 6301,892 4.302.089 LUZ2.792 23.724.9%
Iwo o 64.784 0 0 3.730.298 3371935 8,732,130 15,799.147
1991 139315 346,805 426331 0 /847,4&l 807.081 2.937>25
1992 249397 353,434 370.400 0

S324517
1.031,083 S05,838 916.451 3.726,6s7

1993 0 1.457,631 699.398 67,923 57,789 0 0 2.282,941
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Channel Reliability of the Navigation System in the Up
per Mississippi River Phase II Final Report

Table D.2 AverageAnnualDischargeorStageDataforSt.LouisDktzict(cfsorfeet)

Year Pool2A Pool25 Pool26 Pool27 s.J..0lm Chester
1973 443.92

211c6u
429.25 18.42 18.42 332.150

1974
347,512 360.125

441.11 427.11 1659 16.59 274,458 289.215
1975

301,283
439.65 424.57 15.84 15.84 201.452 214,427

1976
223,961

437.57 422.72 15.30 15.S3 153,753
1977

157,844 166.173
436.93 420.47 1s.35 1s.35 105.842 109,507

1978
113,623

44046 425.78 16.o8 16.03 222,579 235,579
1979 441543

241,164
426.43 16.$9 16.s4 227,781 241.752

1980
247,147

438.70 4235 I 15.39 15.39 15Z067 157.217 247,147
1981 43924 423,91 15.80 15.80 172,415 178,764
1982

182.157
442.80 426.8o 17,26 17.26

1983
243348 255,963 26+3,475

442.48 428.55 17.10 17.10 293.647
1984 442..%

305.5U2 320,567
427.70 17.20 1720 277,417 293,49o 297.975

198s 442.51 423.64 17.20 1720
1986

231,283 245,874 261,633
443..% 428,14 17.11 17.11 271,5’35 28&353

1987
2s0.342

437.72 424.80 15.50 15.50
1988

237.833 246.484
43.5.23 421.68

232,650
15.44 15,44 134/560

1989
143,866 148,488

437,17 421.04 15.35 15.35
1990

109,490 116,834 121,613
439.31 424.20 16.10 16,10 186,984 196,247

1991 442.41
20Q.634

425.49 16.30 16.30 190,833 200,610 208,7CX3
1992 440.36 42522 15.76 15.76
1933

184,242 189,791 193,s25
446.49 432.38 21.19 21,19 428.058 441.701

Mean 440.61 423A9
44-43?2

16.35 1655
std. k.

220.582
2.69

23Q?78 WA80
2.87 1.36 1.36“ n.026 79902 79.321

* — discharge data in cf2

Appendix D
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Table D.3 ComputedDredgingDataforSt.Louk District(cyd)

Year Pool24 Pool25 P.ml26 Pool27 StI.-m& Chest.r Zllek
1973

system
236,942 907,433 761,172 44.337 32.181 248,630 853.487

1974
3,084.181

203.862 no.203 647.980 66,856 808,805 640.027 1,791,6254.929,358
1975 186,793 607323 2.862,01I 76,085 1,791380 1,]42,1423.024,3% 9,690,330
1916 162.189 488,689 299,402 S0.269 2.433,6831.522,0323.945.731
1977

8,931.993
]54,655 344,405 178,610 82,114 3.078,6401,846,5594.783.55410,468.537

W78 196.210 684.915 85],202 73,131 1#7,178 1,0C0,1313.750.0597.062,825
1979 209,160 726597 116.800 61.933 1,437,151 958,6S6 2.654,734
1980

6,165,062
175,491 339349 576.4s7 81,622 2,456379 1s26242 z654.134

2981
8.010,304

181.84s 364,9+9 84.352 76.577 Z18Z464 1381.378 3.690.892
2982 223.757

8.162.711
750324 .W3Jco 58,611 1327,595 863,262 2.314,6946,038,343

1983 219.S9Q 5,53345 4s7,444 60380 550.722 530,678 1.484.1734,175.633
1984 220.6% 808.038 310,050 59349 763.973 611323 1.844,3664,622.797
2985 220343 675.938 233.84s 59349 13S0.W8 931,012 z423.n9
1986

5934.274
23Z704 836.253 416.502 60,457 842904 686,o97 1.966,061

1987
5,040.976

163.955 622,072 458,802 80.269 1301,835 926,916 Z566S98 6.120,844
198a 146,414 421,998 690,976 81,MX 2.690,705- 1.615.8784,227,6899.874,657
1989 157,480 380.957 335,499 8Z114 3,029S32 1.797.3674,656,16-510.439,116
1993 182,672 583.5% o 72,885 L986342 1264,20il33%,307
1991

7,486,033
219.166 666319 426,331 70,424 1,934,636

2992
1234,908 3,267,7087,819,492

195.033 649.005 570,400 n.069 2.023334 1307345 3.504,8658327,170
2993 267,1961.108.148699,598 10,230 0 0 0 2.085.193
M- 197.931 6&5,624 55].788 67.395 L394.a33 1.0492s6 z75z4n 6,879.315
sd.Dcv. 31.655 184,121 S75.603 14743 ‘ 893.876 490,411 1203,415 2372.829
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TabIe D.4 Computed REST-OF-SYSTEM Dredging Demand for St. Louis District (cyd)

Table D.s Inter-m@a@ Computational Results for Obtaining these Probability of Pool

FdIZE (St. Louis District)

PSMi ~~Mi pr(SMi < O) PsMx GsM< Pr(SMA <O) Pi
Pool24 6.994 72,450 0.4602 236,104 .Z4M,496
Pool rs 2X356

0.4602 02118
219.554 0.4562 219.342

P00t26
2.379,305 0.4641 021 rl

! 9,49s 588.745 0.4880
Pool 27

223,603 2.’40$ .913
2.3s1

0.46$1
41,550

022.55
0.476t 240,716

St La@
2.390,180

%.326
0.4602 02191

912,8o7 0.4761 186.772 1587,917
Chester 37.o78

0.4522 0.2153
512,852 0.4721 2QS,019

‘ThcLW5
1.948.582

97,263
0,4%2 02134

1.229.668 0.4681 145,835 1.343,638
system

0.4562 02135
243.097 2,403.732 0.4602

Appendix D
Page D-1

July 24, 1995



Channel Reliability of the Navigation System in the Upper Mississippi River Phase II Final Repent

0.5

0.4

2 0.3
s

~

~
& 0.2

0.1

0

24 25 26 27 RM RM R&f System
194-126 126-76 76.0

Pools

E&e 12.3 CoxnpsrisonofScensrioReliabilkksforSt.LouisDistict1973-1993

PanVII Page59 JoIy 24, 1995



References

1 Ang, AlfredoH-S., andWilsonH. Tang,Probability Concepts in Engineering Planning and
Design, Volume II: Decision, RislG ond Reliability, John Wiiey & Sons, New York, 1984.

Apogee Research, Inc. and Dames & Moore, Risk-Based Analysis of Maintenance Dredging,
DILLUT Research Report, Risk AnaIysis Research Program, Jnstitute for Water Resources,
U.S. Army Engineer Water Resources Support Center, Fort Belvoir, Virginia, May, 1993.

i

Benjamin, Jrtck R., and C. Mlitr Cornell, Probability, Statistics, and Decision for Civil
Engineers, McGrsw Hill Book Company, New Yo~ 1970.

Center for Risk Management of Engineering Systerrrs, Ckarmel Reliability of the Navigation
System in the Upper Mississippi River, Phase I FiiaJ ReporL Center for Risk Management of
Engineering Systems, University of viigini~ January 31,1995.

Chatrg, H., Fluvial Processes in River Engineering, Wiley, New York, 1988.

Fan, Shou-shan, Edtor, Twelve Selected Computer Stream Sedimentation Models Developed in
the United States, Federal Energy Regulatory Commission, December 31, 1988.

Graf, W. H., Hydraulics of Sediment Transport, Water Resource Publications, Lktleton,
Colorado, 1984.

Hart, Milton E., Reliability-Based Design in Civil Engineering, McGraw HilJ Book Company,
New Yorh 1987.

Nan~a~ K. and D. Baker, “Experience in Channel Maintenance in Upper Mississippi River:’ ‘

Shannon and Wilson, Jirc. and Thomas F. Wolff, Probabili~ Models for Geotechnical Aspects of
Navigation Structures, A report to the St. Louis DklricL U.S. Army Corps of Engineers,
DRAFT, January 21, 1994.

Tweet, R. D., History of Transportation on the Upper Mississippi and Illinois Rivers, Navigation
History NWS-83-6, NationaJ Waterways Study, Jnsritute of Water Resources, U.S. Army
Engineer Water Resources Support Center, Fort Belvoir, Virginia, January, 1983.

U.S. Army Corps of Engineers, HEC-6: Scour and Depositian in Rivers and Reservoirs, User’s
Manual, Hydrologic Engineering Center, Davis, CA, August 1993.

U.S. Army Corps of Engineers, Reliability Assessment of Navigation Structures, Engineer
Techrdcal Letter, No. 1110-2-532, Washington, DC 20314-1OOO,1992.

Referemes Page60 h+’24,1S95


